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Abstract  
Climate change and anthropogenic effects have vastly reduced Westslope 
Cutthroat Trout (Oncorhynchus clarki lewisi, WCT) habitat throughout their range, 
including the Colville National Forest in northeastern Washington where this study was 
conducted. Many native salmonid populations have declined in abundance since the early 
1900s due to a variety of climate- and human-driven forces. Westslope Cutthroat Trout 
are especially sensitive to habitat loss or degradation and to climate change. Together, 
climate change, habitat degradation, and non-native salmonid invasions are contributing 
to increasingly fragmented WCT populations. Ongoing and predicted future warming 
trends are expected to further fragment these populations and isolate them in headwater 
stream reaches, with populations in the spatial margins of their distributions facing 
greater risk. Native salmonid populations are often separated or isolated by natural or 
artificial upstream migration barriers (i.e., waterfalls, culverts, etc.). Prior to continuing 
conservation and management actions targeting WCT, it is imperative to understand 
habitat requirements of this keystone species in fragmented areas. Field survey data were 
collected in the summer of 2015 on channel geomorphic characteristics and WCT 
presence/absence in 26 streams located in the Colville National Forest. A clear spatial 
separation was observed between Eastern Brook Trout (Salvenius fontinalis, EBT) and 
WCT above four culvert road crossings and the habitat in both of these areas was 
compared statistically to identify explicit differences. This dataset was also analyzed 
using logistic regression modeling to determine the best habitat predictors of the presence 
of isolated WCT populations existing upstream of these crossing. In general, stream 
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habitat in the Middle and South Forks of Mill Creek had low large substrate, high fine 
sediments, and exhibited pool-riffle channel morphology. Pool habitat supporting isolated 
WCT was significantly smaller, in terms of volume and surface area, than pool habitat 
supporting sympatric populations of WCT and EBT, largely due to the headwater nature 
of channel units supporting isolated WCT populations. Additionally, due to the extreme 
drought conditions during 2015, stream flow was substantially diminished in the study 
area causing these reaches to be highly fragmented and largely disconnected from the rest 
of the stream channel. Fine sediments were generally higher in headwater reaches 
supporting isolated WCT, including in pools and riffles, which was unexpected, mainly 
because they exist above sediment delivery points in the longitudinal extent of the 
system.  
Logistic regression analysis indicated that the presence of isolated WCT 
populations was primarily positively associated with an increase in large wood and 
boulders, and negatively associated with increasing gravel, bedrock, habitat unit length, 
depth, and width (Significant χ2, R2=0.174, misclassification rate = 14.9%, =0.05). The 
final model correctly predicted 37.5% of isolated WCT presence observations and 96.5% 
of the WCT/EBT presence observations significantly better than by chance alone 
(=0.81). This model, in fact, may be useful in identifying limited habitat due to the 
fragmented nature of the channel units supporting IWCT. Large wood and boulders were 
positively correlated to WCT presence, likely because both are important in the formation 
of pools and cascades. Channel unit length, width, depth, active channel width as well as 
gravel and bedrock substrates, were all negatively associated with WCT presence. This 
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suggests that isolated WCT are primarily associated with small headwater cascades with 
complex shelter, which may provide greater thermal and predation refuge compared to 
shallow glide or large pool habitats.  Future model analysis should include additional 
habitat variables such as water temperature, stream gradient, and species interactions to 
strengthen the prediction of Westslope Cutthroat Trout presence. Overall, I concluded 
that differences in stream habitat above and below blocking culverts are not driving 
Westslope Cutthroat Trout distributions in the study area due to confounding factors such 
as the presence of problematic barriers and small sample size. I also conclude that future 
conservation and management decisions specific to WCT should prioritize complex 
cascade habitat in headwater stream reaches because of the type and quantity of habitat 
they may provide, especially during severe drought or low flow conditions. 
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Chapter 1 – Introduction 
Trout and salmon (i.e., salmonids, members of the Salmonidae family) are iconic 
fish taxa that include numerous species endemic to the western United States. Most of 
these species have declined in abundance since the early 1900’s and have been negatively 
affected by a variety of climate- and human-driven forces during the last century (Quinn 
2011). Salmonids are especially sensitive to habitat degradation and depletion and  
require relatively unaltered coldwater aquatic habitats that lack invasive species 
(Williams et al. 2009). Many trout species have been listed as endangered or threatened, 
as described by the U.S. Endangered Species Act (ESA) (Williams et al. 2009). Listings 
under the ESA have largely been in response to habitat degradation, interactions with 
non-native salmonids (i.e. brook trout Salvelinus fontinalis (EBT), brown trout Salmo 
trutta, and rainbow trout Oncorhynchus mykiss), and over-exploitation (Dunham et al. 
2002, Harig and Fausch 2002, Shepard et al. 2005). Cutthroat trout populations, 
particularly the inland subspecies Westslope Cutthroat Trout (Oncorhynchus clarki 
lewisi; WCT), have suffered substantial decreases in abundance, and have recently been 
reported to occupy < 30% of their historical range (Williams et al. 2009, Haak et al. 
2010; Figure 1-1). Other sources cite WCT range declines to < 5% of historical 
occupancy (Harig and Fausch 2002) and 27% of historical range in Montana, with < 
2.5% of remaining populations described as genetically unaltered (Young et al. 1995). 
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Figure 1-1. Historical and current distribution of WCT in the interior western United States as described in 
Haak et al. (2010). (Figure adapted from Haak et al. 2010) 
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As the effects of instream stressors continue to increase across ecosystems (e.g. 
air and water temperatures, presence of non-natives, habitat degradation, etc.), 
understanding whether particularly sensitive species like WCT can thrive under altered 
conditions has become an increasingly critical issue for their conservation and 
management (Isaak et al. 2015). Ongoing and predicted future warming trends are 
expected to further fragment trout populations and isolate them in headwater stream 
reaches (Young et al. 1995, Harig and Fausch 2002, Isaak et al. 2012a), likely creating 
peripheral populations in the spatial margins of their distribution. Peripheral populations 
may harbor rare genetic material that can be important source material for maintaining 
the genetic integrity of downstream populations (Taylor et al. 2003). However, this 
valuable function of peripheral populations is becoming increasingly jeopardized due to 
increasing presence and competitive pressure of non-native species (Dunham et al. 2002) 
and  the added effects of degradation in critical headwater habitats (Muhlfeld et al. 2012). 
 
Life Histories 
Westslope Cutthroat Trout historically occupied headwater streams, large rivers, 
and mountain lakes in drainages throughout the inland western US (Bear et al. 2007), 
with populations exhibiting fluvial, adfluvial, or resident life histories (Young et al. 
1995). Fluvial WCT rear and mature in rivers and migrate to smaller tributaries to spawn, 
after which they quickly return to the larger fluvial environment (Young et al. 1995). 
Adfluvial WCT forms, residents of lentic systems, spawn in lake tributaries between 
March and July, and progeny remain in their natal streams from one to four years before 
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migrating downstream to a lake where they grow to maturity (Young et al. 1995). 
Resident forms rear and spawn in small tributaries and typically remain under 300 mm in 
length (Young et al. 1995). These three life history variants may co-exist in a single 
basin, with the dominant life history form typically representing the dominant aquatic 
environment (i.e. lotic or lentic; Young et al. 1995). Westslope Cutthroat Trout are 
considered iteroparous (capable of repeat spawning) and generally reach initial sexual 
maturation at age 4 or 5, spawning between March and July when water temperatures 
average 10oC (Figure 1-2)(Young et al. 1995).  
 
 
Figure 1-2. A general diagram of the cutthroat trout life cycle. Trout life history is complex and this 
diagram would vary based on the species and exhibited life history. (Photo credit clockwise starting with 
adult: http://montanalinks.com/funstuff/facts/fish/, https://en.wikipedia.org/wiki/Cutthroat_trout,  
http://rockedge.org/troutcam-trout-fry-photos/,  Forrest Carpenter (Author)) 
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Habitat Requirements  
 As a coldwater species, WCT require particular habitat and thermal conditions to 
persist and support all of their life stages and life history forms (Figure 1-2). Habitat must 
be adequately complex to support their diverse life cycle  (Williams et al. 2015), as fish at 
each life stage often require different stream habitats with different thermal, flow, 
substrate, and physical attributes (Harig and Fausch 2002). The complexity of the WCT 
life cycle is particularly challenging to managers responsible for protecting and 
mitigating complex habitat to support fragmented populations.  
Thermal conditions have been frequently cited as a key driver of the historical and 
current persistence and distribution of WCT populations (Paul and Post 2001, Sloat et al. 
2001, de la Hoz Franco and Budy 2005). Thermal conditions are directly tied to water 
availability, flow regimes, and numerous riparian and watershed influences. Temperature 
plays a large role in the decline of these populations (Shepard et al. 2005, Roberts et al. 
2013, Isaak et al. 2015) as WCT are stenothermic and thermally specific, requiring stable 
temperatures, typically less than 16oC (see Table 1 in Young et al. 1995). Increasingly 
warmer water at lower elevations has been implicated in observed shifts in WCT 
distribution, including increased use of low order and headwater steams (Shepard 2004). 
Headwater lakes and streams are abundant across mountainous and glacially influenced 
landscapes and provide an important source of water, sediments, and biota for 
downstream reaches (Clarke et al. 2008). Thus, headwater streams and lakes can play an 
important role in providing refuge from high thermal and low flow conditions (Clarke et 
al. 2008), particularly for coldwater species, as well as refuge from competition with non-
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native invaders (Griffith 1970, Dunham et al. 2002, Shepard 2004).  
Increasingly common shifts in spatial distributions of WCT to headwater or low 
order streams are often exacerbated by their competitive disadvantage with non-native 
brook trout, which are more tolerant of warmer water temperatures (Dunham et al. 2002, 
Shepard 2004, Bear et al. 2007). In an examination of invasive species, Dunham et al. 
(2002) found that fish introduced to downstream reaches were less likely to colonize 
upstream reaches, whereas fish occupying headwater habitats were more likely to 
colonize downstream reaches. This is likely due to headwater resident WCT facing fewer 
obstacles such as artificial barriers and high flow areas, and thus being able to readily 
disperse to downstream areas aided by downstream flows. This condition emphasizes the 
need to protect headwater populations as a source of genetic diversity and integrity in 
downstream reaches, which may provide refuge for broodstock. Studies have also found 
that when in the presence of non-native salmonids, such as rainbow and brook trout, the 
headwater habitat cutthroat trout tend to disperse to is often highly fragmented and thus 
isolated from the rest of the stream channel (Harig and Fausch 2002). It is therefore 
important to understand the minimum viable habitat required (i.e., volume, area, and 
amount of cover) to support populations (Hodder and Bullock 1997, Harig and Fausch 
2002) existing in isolation, especially those isolated in fragmented periphery habitat. 
Harig and Fausch (2002) examined fine scale microhabitat attributes that promote 
establishment and persistence of translocated cutthroat trout above migration barriers in 
high-elevation headwater streams and identified a number of limiting factors influencing 
the success of translocated populations, including mean pool width and the number of 
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deep pools, which have been corroborated in other studies examining habitat features and 
trout abundance (see Clarkson and Wilson 1995, Kruse et al. 1997). Headwater streams 
typically include cascade and step pool channels due to the high elevation, steep slope, 
and confined channel associated with headwater reaches (Montgomery and Buffington 
1997). Steep cascade or step pool channels are generally associated with large substrate 
clasts that may only mobilize during infrequent high flow events, whereas finer substrates 
are generally stored near flow obstructions such as large woody debris or large grain 
substrates (Montgomery and Buffington 1997). Cascade and step pool classified reaches 
generally exhibit less than four channel units in between pool habitat as compared to 5-7 
in pool riffle habitat (see Table 1 in Montgomery and Buffington 1997). Given the higher 
frequency of pool habitat in headwater reaches (Montgomery and Buffington 1997) and 
the thermal refuge headwater pools provide, these channel reaches will likely become 
increasingly important to the persistence of coldwater species, such as WCT (Isaak et al. 
2012a, 2014, 2015). 
 
Migration Barriers 
River connectivity is vital for the persistence of aquatic species both at the 
individual and population levels (King et al. 2016). Thus, migration barriers can 
negatively affect population persistence by reducing connectivity among habitats. 
Migration barriers can be defined as natural or artificial obstructions that limit or prevent 
upstream migration, access to rearing or spawning habitat, or shelter from predation and 
other types of disturbance (King et al. 2016). Barriers can take many forms, including 
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improperly sized or placed road crossing structures, which can cause numerous problems 
for stream morphology and for fish migration (Muhlfeld et al. 2012). Currently, millions 
of barriers exist worldwide that severely restrict access to important habitat for numerous 
native and non-native fishes (Peterson et al. 2008, Fausch et al. 2009, Muhlfeld et al. 
2012, King et al. 2016). 
It has been well documented that habitat degradation, invasive species 
competition, and increased water temperature regimes continue to limit the distribution of 
many WCT populations to headwater areas (Muhlfeld et al. 2012). This trend is expected 
to continue if non-native species invasions, introductions, and range expansion continue 
to increase. However, cumulative effects of these trends, paired with the continued use 
and construction of fish migration barriers such as irrigation diversions, dams, and road 
crossings (Peterson et al. 2008) suggest continued or increasing limitations for WCT 
populations. 
It is important to understand the trade-offs regarding structure improvements and 
replacement specific to stream morphology and upstream fish migration (Muhlfeld et al. 
2012) because it is likely that the prevalence of artificial barriers will increase as the 
spread of non-native fishes increases, and as some barriers are maintained to limit range 
expansion of invasive non-native fishes (e.g. isolation management; Fausch et al. 2009). 
It is therefore likely that WCT populations will continue to be limited to fragmented low 
order streams upstream from artificial or natural barriers. Isolation management is a 
commonly considered technique when assessing artificial passage barriers, particularly 
when species compositions differ upstream and downstream from the crossing. For 
 9 
example, an artificial barrier with allopatric populations of WCT existing above and 
invasive EBT existing downstream, may provide important refuge habitat for WCT from 
further EBT invasions. In such cases it may be beneficial for the native upstream WCT to 
leave the structure in place and continue to restrict EBT to downstream reaches. 
Conversely, retaining such barriers could increase the chance of extinction, decrease 
genetic and life history diversity, and restrict the upstream populations to increasingly 
fragmented stream habitat (Fausch et al. 2009, Muhlfeld et al. 2012). The dilemmas 
resulting from this tension will become increasingly important as the construction and 
presence of artificial migration barriers becomes more prominent globally (Fausch et al. 
2009).  
Multiple studies provide decision frameworks for installing or removing fish 
migration barriers (i.e. Novinger and Rahel 2003, Peterson et al. 2004, 2008, Fausch et al. 
2009, Muhlfeld et al. 2012). Retaining barriers that limit passage commonly restricts 
stream flow and can significantly alter stream morphology, particularly during high 
flows. An improperly sized culvert can cause significant water to pool, or bottleneck, 
upstream, increasing sediment loading to downstream reaches. Expert opinion remains 
divided regarding isolation management, including decisions that can be largely 
influenced by on the ground habitat conditions (Fausch et al. 2009). Proponents of 
retaining barriers often cite the benefits of preserving genetic integrity of isolated 
upstream native fish populations, whereas opponents argue that reconnecting habitat may 
be more vital to the persistence of the population (Fausch et al. 2009). However, specific 
 10 
barrier management decisions may depend largely on the details of each situation, and are 
best reviewed on a case by case basis. 
 Numerous studies during the past two decades have examined the challenges or 
dilemmas of migration barrier isolation management, and several have developed 
decision frameworks to assist resource managers in deciding whether to retain or remove. 
Two studies in particular (Fausch et al. 2006, Peterson et al. 2008) and a report by 
WDFW (Washington Department of Fish and Wildlife 2009) have developed frameworks 
or models to help resource managers evaluate how retaining or removing structures may 
affect the streams and the fish populations they support. Fausch et al. (2006) provides 
four assessment or tradeoff questions to guide decision makers through understanding the 
important aspects of the current stream conditions (Table 1-1). Answers to these 
questions form the basis for predicting how barrier removal would affect fish population 
trends and distributions. Because there are many factors to evaluate, and this framework 
suggests identifying the types of values (evolutionary, ecological, or socio-economic) 
prevalent in the stream(s) of interest (Fausch et al. 2006). Evolutionary value pertains 
mainly to disjunct or fragmented populations, contributing extant genetic diversity and 
occupying unique or remnant habitats, whereas ecological values pertain to populations 
contributing significantly to the overall community structure of both aquatic and 
terrestrial functions (Fausch et al. 2006). Socio-economic values are directly evident and  
easily quantifiable, and may include increased fishing presence, tourism, other recreation 
associated activities, and increased development (Fausch et al. 2006).  
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Table 1-1. Questions designed by Fausch et al. (2006) structured to assist resource managers weight 
tradeoffs for removing, retaining, or replacing artificial migration barriers. (Table adapted from Fausch et 
al. (2006)).  
Main Questions Further Dimensions or Considerations 
1. Is a native salmonid 
population of important 
conservation value 
present? 
 Evolutionary values 
 Ecological values 
 Socio-economic values 
2. Is the population 
vulnerable to invasion 
and displacement by 
nonnative salmonids? 
 Transport and spread 
 Establishment 
 Displacement 
 Coexistence 
 Hybridization 
 Transmit parasites or pathogens 
3. If the native salmonid is 
isolated, will it persist? 
 “Small population” phenomena 
 Loss of genetic variability 
 Demographic and Environmental stochasticity 
 Catastrophes 
 Loss of migratory life histories 
 Synergistic factors 
4. If there are multiple 
populations of value 
which ones are 
priorities for 
conservation? 
 Identify conservation units 
 Prioritize populations 
 Representation 
 Redundancy 
 Persistence 
 Feasibility 
 Consider viability 
 Confront uncertainty 
 
Peterson et al. (2008) provided a quantitative approach which uses a Bayesian 
relief network that allows managers to quantitatively and qualitatively assess habitat and 
other biotic and abiotic factors to inform management decisions (Figure 1-3). Each node 
or bubble in Figure 1-3 has an input value that allows managers to gain a better 
understanding of the important dynamics and functions occurring between the abiotic and 
biotic features. The authors identified this approach as an effective way to assess 
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tradeoffs associated with removing and retaining structures. However, these authors 
recommend further research and understanding regarding the complicated relationships 
between WCT, EBT, and migration barriers.  
 
Figure 1-3. Bayesian relief network conceptual model from Peterson et al. (2008) depicting the functional 
relationships between invasion barriers, brook trout presence, and multiple physical habitat factors related 
to the persistence of WCT. This diagram represents a functioning model that can be used by managers to 
determine whether to remove or retain passage barriers. Managers can use a range of input values to assess 
the repercussions of various barrier management decisions.  
 
 During the late 1990s, the Washington Department of Fish and Wildlife produced 
a fish passage prioritization manual aimed at providing guidance for conducting fish 
passage and surface water diversion inventories and identifying which structures present 
the most gains from removal or remediation (Washington Department of Fish and 
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Wildlife 2009). This manual has been used widely in the state of Washington and has 
been continually updated through 2009. This approach focuses on estimating percent 
passability at artificial barriers by combining professional judgement and the abilities of 
occupying species to negotiate water surface drop, velocity, and depth (Washington 
Department of Fish and Wildlife 2009). Structures are evaluated as a total (0% passable), 
partial (33% passable), less severe (67% passable), or a non-barrier (100% passable). 
Once the passage status of a structure is classified, the potential gain in habitat area is 
estimated and a Priority Index rating is given to the structure, allowing for comparison to 
other barriers. The structure with the highest rating is identified as the most pressing 
structure to remove, replace, or improve. However, unlike the first two frameworks 
described above (Fausch et al. 2006, Peterson et al. 2008), the WDFW model does not 
account for the presence of non-native fishes. This is important because as described 
previously, many studies point towards using isolation management to preserve the 
populations of native fish existing above impassable barriers.  
 
Mill Creek A-To-Z Watershed Restoration Project 
The Mill Creek A-to-Z projects (A to Z) are watershed restoration projects 
conducted by the United States Forest Service that provided data for this study. The 
Three Rivers Ranger District proposed two projects under A to Z on a portion of the 
Colville National Forest northeast of Colville, WA in two adjacent drainages: the North 
Fork Mill Creek (NFMC) and the Middle and South Forks of Mill Creek (MSFMC) 
(Figure 1-4). Planning for these projects began in 2013 with the goal of improving overall 
 14 
watershed function through habitat improvements and other restoration-focused activities 
in the Colville National Forest. In accordance with the National Environmental Protection 
Act (NEPA), detailed inventories of existing natural resources were conducted to inform 
various management actions and to evaluate potential effects of proposed actions. The 
NEPA analyses were performed by Cramer Fish Sciences of Lacey, WA under the 
direction of the Forest Service.  Three management alternatives were analyzed in each 
project. The first would allow the project area to continue to progress naturally with no 
improvements to roads or forest health treatments. The second would include forest 
health treatments, reconstruction, maintenance, and decommissioning of detrimental 
roads, and habitat improvements. The third would be similar to the proposed action, but 
would not involve construction of temporary roads. 
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Planning for the North Fork Mill Creek Project began in 2013 and collection of 
field data was concluded at the end of that year. Planning for the Middle and South Fork 
Mill Creek Project (MSFMC) began in 2015 and field data collection concluded at the 
end of that year. As a result of the MSFMC project, a distinct separation of two species of 
fish distributions was revealed following analysis of fish distribution survey data. 
Westslope Cutthroat Trout and EBT were found in varying degrees of sympatry 
throughout the basins, except when streams were impassable or when blocking culverts 
were present. Numerous blocking culverts separated sympatric WCT and EBT 
populations existing below the structure from allopatric WCT populations existing above 
blocking culverts. A number of questions were raised concerning why this separation was 
occurring and what habitat features were most important to persistence of the isolated 
populations of WCT above these barriers. The two questions at the heart of this 
investigation are:  
1. Are physical in-stream habitat features driving IWCT distributions in the MSFMC 
project area? 
2. What physical in-stream habitat features are IWCT most associated with? 
An important finding was the degree of fragmentation existing in reaches 
supporting allopatric WCT populations due to the extreme drought experienced by the 
western United States during 2015. Populations above barriers were surviving in stream 
reaches that were mostly absent of water and completely disconnected from downstream 
sections of stream during the peak of the summer.  
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The following thesis chapters further address issues associated with WCT habitat 
use, requirements, and status above and below migration barriers. Chapter 2 characterizes 
WCT habitat conditions and use within the project area, and provides comparisons 
between habitat requirements supporting allopatric WCT population above migration 
barriers and sympatric populations of WCT and EBT. Chapter 3 presents and describes 
the results of logistic predictive modelling of WCT presence and absence above barriers. 
Chapter 4 summarizes findings from the previous chapters, draws conclusions, and 
identifies important areas for future research.  
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Chapter 2 - Characterization of Isolated Westslope Cutthroat Trout (Oncorhynchus clarki 
lewisi) Habitat Above Migration Barriers in the Middle and South Fork Mill Creek 
Drainage, Colville National Forest, Washington 
 
Introduction 
Stream channels are impacted by biotic, climatic, and hydro-geomorphic 
processes (Kasprak et al. 2016), while simultaneously coupling aspects of the terrestrial 
and aquatic ecosystems  (Sullivan et al. 1987) with longitudinally variable but predictable 
physical processes (Vannote et al. 1980). Physical stream processes such as flow 
conditions directly affect the quality and quantity of available aquatic habitat in the 
stream channel, which varies across temporal and spatial scales (Sullivan et al. 1987). 
Salmonids are arguably one of the most important aquatic vertebrate taxa groups in 
Pacific Northwest rivers, and exhibit a complex, variable, and diverse suite of life 
histories across populations (Milner et al. 2003). Collectively, they occupy a wide array 
of stream habitats across life stages and exhibit diverse life histories (Quinn 2011).  
Resident trout populations are highly influenced by habitat quality (Lewis 1969) 
(Figure 2-1) and quantity, the effects of which differ by life stage (Sullivan et al. 1987). 
Temporal and spatial variability in habitat quality and quantity poses a considerable 
challenge for managing and conserving sensitive native trout populations. To meet these 
challenges, natural resource and fisheries management programs in the western United 
States will need to be increasingly responsive and dynamic, especially in response to the 
variable predictions of climate change. Current management strategies often involve 
balancing multiple stakeholder interests with the persistence of important native fish 
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populations. Regardless of the positive effects of protective measures and habitat 
restoration activities, ongoing effects of climate change (e.g., increased precipitation 
variability, increased frequency and severity of drought and wildfires) will increasingly 
require fish managers to understand and prioritize components of sensitive salmonid 
habitats that best contribute to the persistence of sensitive populations, such as 
populations residing in low order headwater streams. 
Of particular importance in the interior west is the native Westslope Cutthroat 
Trout (Oncorhynchus clarki lewisi, WCT). Historical WCT distributions have 
substantially declined due to a myriad of anthropogenic and climatic influences (Young 
et al. 1995, Fausch et al. 2006, Haak et al. 2010) (Figure 2-1). Westslope Cutthroat Trout 
require a narrow range of habitat conditions to persist in their native environments, 
including the presence of coldwater pools, limited fine substrate, ample cover and 
refugia, and limited competition from invasive species (Young et al. 1995). It is well 
documented that sympatric populations of WCT and eastern brook trout (Salvelinus 
fontinalis; EBT) tend to occupy different areas of streams due to species-specific 
differences in habitat requirements. However, despite this spatial resource partitioning, 
WCT are often displaced by EBT to lower order, headwater areas (Shepard 2004), 
suggesting that WCT prefer colder water  or smaller streams than other salmonids, both 
of which are characteristic of headwater areas. This observation is supported by empirical 
rearing distributions of WCT commonly involving cooler upper reaches of watersheds 
(Young et al. 1995). Displacement of WCT by EBT is also influenced by abiotic factors 
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such as water temperature, debris and pool frequencies, erosion and deposition of fine 
sediments, and combinations of these and other factors (Shepard 2004) (Figure 2-1).  
Generally, pools in forested areas are formed around structural elements or 
obstructions (Sullivan et al. 1987) in the channel. Woody debris is one of the most 
important factors in determining the distribution of pools in forest streams (Sullivan et al. 
1987). Riffles are generally shallow sections of stream with significant surface turbulence 
and rough bed substrate. Pools and riffles provide important habitat for spawning and 
rearing of salmonids (Figure 2-1) (Bjornn et al. 1977, Montgomery et al. 1999, Cramer 
and Ackerman 2009). Glides lack the turbulent flow of riffles and are generally uniform 
vertically, horizontally, and longitudinally with smooth bed substrate. Glides typically 
provide refuge and feeding opportunities for rearing juvenile salmonids (Figure 2-1). 
Finally, rapids and cascades are typically steep in gradient and are often composed of 
plunge pools due to the steep gradient and the presence of large substrate and woody 
debris. Detailed habitat unit classification descriptions can be found in Montgomery and 
Buffington (1997).  
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Figure 2-1. Conceptual model describing the relationships between presence of allopatric isolated 
population of WCT above migration (IWCT) and various instream habitat specific processes. Yellow boxes 
represent habitat data collected as part of stream surveys during the summer of 2015 in the MSFMC project 
area that were used in this analysis. Red arrows represent a negative relationship, green arrows represent a 
positive relationship, and black arrows represent a variable relationship. Blue boxes represent watershed 
level factors not used in this analysis, but important drivers in IWCT persistence.  
 
 As displacement of WCT to low order headwater streams increases in prevalence 
across the western United States, it will be increasingly important to identify where these 
changes are occurring to better understand differences in biotic and abiotic factors 
supporting native and non-native fish up- and downstream of these physical migration 
barriers, whether artificial or natural.  
This paper analyzes empirical fish distribution and stream habitat data collected in 
the Colville National Forest (CNF), Washington, and characterizes suitable habitat based 
on the occurrence (presence or absence) of allopatric WCT above four migration barriers. 
This study focuses on fish distribution, habitat conditions, and barrier occurrence data 
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collected during the summer of 2015, a year of extreme drought in the western United 
States. Westslope Cutthroat Trout were observed in sympatry with EBT (Hereafter 
WCT/EBT) in the Mill Creek drainage. Isolated WCT populations (Hereafter IWCT) 
were observed in allopatry above four artificial migration barriers. The objective of this 
study was to assess differences in physical stream habitat occupied by these two types of 
WCT populations. Stream habitat quality indicators were used to characterize and 
statistically compare the occurrence of each of these two population types address the 
question: Are in stream habitat features driving IWCT distributions in the MSFMC 
project are? Does in-stream habitat differ significantly among channel units containing 
populations of IWCT and channel units containing WCT/EBT? Here, I hypothesize that 
habitat conditions will differ significantly between channel units containing IWCT and 
those containing WCT/EBT. Specifically, units containing IWCT will likely have more 
cover (stream shade, large woody debris, and large substrate) than units supporting 
sympatric populations of WCT/EBT. Results will also be used to identify aspects of 
physical habitat that would benefit from instream restoration opportunities. Because this 
analysis was conducted with a single year of data, results are considered preliminary and 
should be followed with further field observational efforts across seasons and consecutive 
years.  
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Methods 
Study Area  
The Mill Creek watershed occupies the northeast portion of the Colville National 
Forest (CNF) (Figure 2-2). The CNF covers over 4,000 km2 including the Kettle River 
and Selkirk mountain ranges within the US portion of the upper Columbia River Basin. 
The CNF landscape was formed over long periods of glacial influence. During the 
Pleistocene, the landscape was covered by a continental sheet ice that descended south 
into the current study area from British Columbia. Two major advances of glacial ice that 
encompassed the study area, ranging from 900 to 2,100 meters thick, created the round, 
gently sloping mountains common in this region (Richmond et al. 1965, Williams et al. 
1995). The broader valley bottoms are dominated by kame terrace outwash and lacustrine 
deposits. Despite being over 500 km inland, the CNF is influenced by maritime and 
continental climate regimes, with the heaviest precipitation occurring during winter and 
spring. The valleys receive between 38 and 63.5 centimeters of rain, whereas the adjacent 
mountainous regions receive from 100 to 130 centimeters annually (Williams et al. 
1995). Average summer temperatures (oC) range from the upper 10s to the 30s, while 
winter temperatures (oC) are commonly cold, from -15 to -5 (Williams et al. 1995). Soils 
in the CNF are mainly composed of glacial till, outwash, lacustrine deposits, colluvium, 
and alluvium (Williams et al. 1995). Historically, mining, timber harvest, and ranching 
were the main sources of economic prosperity in the region (USFS 2015). Mining began 
during the early 1900s and continued into the 1920s, while logging and ranching remain 
economically important activities throughout the CNF. Twenty thousand acres in the 
 24 
CNF were burned by the White Mountain Fire in 1988, while drier parts of the forest 
burn every twenty or thirty years. Extensive wildfire activity is commonly observed in 
neighboring regions throughout the summer months (USFS 2015), and has been predicted 
to increase as regional climates are becoming warmer and drier compared to past and 
current conditions (ISAB 2007, Tohver et al. 2014).  The study area is located in the 
northeast portion of the CNF northeast of the city of Colville, WA (Figure 2-2).  
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Fish Distribution Mapping 
Fish distribution surveys were performed by field crews that visited every 
tributary adjacent to or within the MSFMC project area (Figure 2-2) between June and 
July 2015. Surveys started at the currently mapped extent of fish bearing streams and/or 
at the furthest downstream extent of USFS ownership. Potential fish habitat, was defined 
by a channel with “sufficient water,” was surveyed by a two-person electrofishing crew 
following approved electrofishing guidelines (NMFS 2000). Sufficient water referred to 
the quantity and quality of water present in the stream channel at the time of sampling, 
defined as water less than 18oC, with adequate volume to maintain a ½ meter distance 
from the anode of the electro-fisher to fish present in the stream (NMFS 2000). A Smith-
Root LRB24 electrofishing backpack was used and settings were adjusted based on 
stream conductivity to ensure that the adverse effect of electrofishing on fish was 
minimized. Field crews walked all mapped streams, while also documenting streams not 
identified by previous mapping efforts. In areas lacking a defined channel (wet or dry), 
mapped stream segments were recorded as having “no defined channel” and in such cases 
no further data were collected. Well-defined channels lacking water were recorded as the 
“maximum potential extent of fish distribution.” Streams were surveyed during late 
spring to ensure that water levels and fish distributions were sampled at their maximum 
seasonal extent. An impassible waterfall on Mill Creek downstream of the project area 
precluded anadromous fish (i.e. migratory fish that spawn in freshwater but mature in the 
ocean) from accessing streams in the project area, eliminating the need to account for 
their presence in this study. 
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Each stream was either electrofished along its entire length throughout the study 
unit boundary or for 400 meters past last fish designation, whichever was greater. Fish 
distribution survey protocols (WDNR 2002, Cole and Lemke 2003) required surveyors to 
investigate 400 meters or a total of 12 high quality pools (approximately 1m2 x 0.3m 
deep) upstream from the last detected fish during each survey to ensure detection of the 
upstream limit of fish distribution. However, some stream reaches did not contain 12 high 
quality pools. In such cases, habitat data were collected to confirm that the minimum 
number of pools did not exist. Basic habitat survey data including bank full and wetted 
width, depth, length, and longitudinal gradients were collected to substantiate the absence 
of high quality pools and corroborate fish bearing and non-fish bearing status. Survey 
efforts ceased upstream from the point of last known fish use if stream channel gradient 
increased above 20 percent and persisted, or if the defined channel went dry and did not 
reappear. Sufficient habitat for fish bearing streams was defined as sections of stream 
containing fish upstream from USFS Class I/II designated waters.  
Any additional fish bearing streams (USFS Class I/II) located as part of these 
surveys along or within proposed treatment units were mapped with a handheld Garmin 
GPS unit with +/- 5m accuracy. Additional spatially explicit data were collected, 
including GPS points of the upper extent of fish bearing water in tributaries/headwaters, 
and locations of individually detected fish, as identified by species. These data were used 
to estimate the total length of fish bearing streams on NFS lands within the project area 
by overlaying the result onto existing stream GIS layers provided by the USFS. The 
stream layers were then adjusted to reflect any changes from the extent of fish surveys.  
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Road Crossing Assessments 
The locations of road crossings and habitat conditions 100m upstream and 
downstream from those crossings were recorded at the end of July 2015 to document the 
effect of that structure on the stream channel. The type of structure associated with each 
crossing (e.g., culvert or bridge) was characterized, measured, and photographed. 
Artificial barriers were evaluated using Washington Department of Fish and Wildlife’s 
2009 Fish Passage Barrier and Surface Water Diversion Screening and Prioritization 
Manual (Washington Department of Fish and Wildlife 2009) to help guide restoration 
opportunities within the project area. 
Stream Habitat Assessment 
Based on the results of fish distribution mapping, habitat surveys were performed 
from early August to late September and subsequently analyzed to characterize physical 
attributes of stream habitat. We used methods adapted from Cramer and Ackerman 
(2009) that were designed to collect basic stream channel characteristics important to 
salmonids (Table 2-1 and Table 2-2). A 20% subsample of fish bearing streams was 
surveyed, unless roads crossed these streams, in which case 100% of the habitat area 100 
meters upstream and downstream from the crossing location was sampled. This 
methodology was used to efficiently sample a large range of habitat while accounting for 
potential localized effects of disturbances like roads that could have a strong influence on 
a small spatial scale (Hankin and Reeves 1988). Stream dimensions were determined 
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using a surveyor caliber stadia rod (25ft/7.6m SK Level Rod) and an engineering level 
distance laser range finder (Leica DISTO 3000 Laser Distance Meter). Stream shade was 
determined using a forester grade spherical crown densiometer (Forestry Suppliers 
Spherical Crown Densiometers). Substrate was qualitatively assessed in each sampled 
channel unit by visually estimating percent coverage of each substrate category (Table 
2-1).  
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Table 2-1. Descriptions of metrics included in field survey efforts (CAT=Categorical, NUM=Numerical, 
PER=Percent, and CNT=Count). This table is referenced extensively through this paper.  
Metric Description Units Data 
Type 
Abbreviation Citation 
Geomorphic 
unit type 
Subjectively 
marked as a pool, 
riffle, glide, 
rapid, cascade, or 
beaver pond 
based on specific 
features observed 
in stream 
gradient, water 
velocity and 
depth, and 
channel 
morphology.  
P, RI, GL, 
RA, or CA 
CAT Pool (P), 
riffle (RI), 
glide (GL), 
rapid (RA), 
cascade 
(CA) 
(Montgomery 
and 
Buffington 
1997) 
Geomorphic 
unit length 
The total 
geomorphic unit 
length of each 
identified unit’s 
upper and lower 
bounds in the 
stream channel.  
Meters NUM LENG_m (Montgomery 
and 
Buffington 
1997) 
Geomorphic 
channel 
width 
Average width is 
estimated by 
observing the 
wetted edges of 
the stream along 
the longitudinal 
axis of the unit. 
Meters NUM WID_m (Montgomery 
and 
Buffington 
1997) 
Stream 
depth 
Average depths 
were recorded for 
all channel unit 
classifications 
except for pools 
where maximum 
depth was 
recorded. 
Meters NUM DEP_m (Montgomery 
and 
Buffington 
1997) 
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Table 2.1. Continued 
Substrate 
classificatio
ns 
Stream bed 
substrate 
compositions 
were estimated 
visually for the 
extent of each 
individual unit.   
Fine 
(<2mm), 
gravel (2-
64mm), 
cobble (64-
256mm), 
boulder 
(>256mm), 
and 
bedrock. 
PER Fine (FI), 
Gravel 
(GRA), 
Cobble 
(COB), 
Boulder 
(BD), or 
Bedrock 
(BDR) 
(Wentworth 
1922) 
Large 
woody 
debris 
counts 
Large woody 
debris was 
counted for two 
categories. 
1) small 
wood: 
>10cm 
diameter 
and >2m 
length and 
2) PIBO 
(large) 
wood: >1m 
diameter 
and >8m in 
length. 
CNT Large wood 
debris small 
pieces 
(LWDS) or 
large pieces 
(LWDP) 
(Beechie and 
Sibley 1997) 
Active 
channel 
width 
Active channel 
width can be 
defined by the 
distance across 
the channel at 
“bankfull” flow 
which is typically 
attained every 1.5 
years and visible 
at vegetation and 
high water marks. 
Meters NUM ACW_m (Montgomery 
and 
Buffington 
1997; Cramer 
and 
Ackerman 
2009) 
Thalweg  
height 
Height from the 
streambed to 
active channel 
delineation 
Meters NUM TH (Montgomery 
and 
Buffington 
1997) 
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Table 2-1. Continued.  
    
Canopy 
cover 
percent cover was 
estimated using a 
forestry 
densitometer 
Rating of 0-
17 
CAT CC (WDNR 
2002) 
 
 
 
Table 2-2. Wood complexity ratings and descriptions used during stream habitat surveys 
(Adapted from Cramer and Ackerman 2009).   
 
 
Wood Complexity 
Rating 
Definition 
1 Wood debris absent or very low 
2 
Wood present, but contributes little to habitat complexity.  Small 
pieces creating little cover. 
3 
Wood present as combination of single pieces and small 
accumulations.  Providing cover and some complex habitat at low 
to moderate discharge. 
4 
Wood present with medium and large pieces comprising 
accumulations and debris jams that incorporate smaller root wads 
and branches.  Good cover for fish over most flow levels. 
5 
Wood present as large single pieces, accumulations, and jams that 
trap large amounts of additional material and create a variety of 
cover and refuge habitats.  Woody debris providing excellent 
persistent and complex habitat.  Complex flow patterns will exist 
at all discharge levels.   
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Habitat Quality Indicators 
Specific habitat quality indicator values (Table 2-3) were compared between 
IWCT and WCT/EBT (see pg. 23 for definition) populations to assess potential 
differences in habitat requirements and to better understand and prioritize restoration 
opportunities in the study area. Differences in habitat occupancy by these two types of 
populations were determined by comparing percent fine sediment composition, pool 
composition and available habitat, presence of large woody debris (LWD), wood 
complexity ratings, percent stream shade, percent composition of large substrate (cobble 
and boulders), and width to depth ratios (Table 2-3). These indicators have been shown 
by multiple studies to accurately predict habitat occupancy by salmonids in the Pacific 
Northwest (Table 2-3). 
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Table 2-3. Habitat quality indicators used to assess and characterize fish habitat throughout the MSFMC 
project area. The associated source is provided for each metric. For detailed descriptions of specific 
measurements associated with each metric refer to Table 2-1. 
Indicator Metric Citation 
Percentage of Fines Substrate 
Percentage of Fine Substrate in 
Pools and Riffles 
 
% composition of all total 
substrate is each channel unit; 
>20% 
Bjorrn (1977); Young et al. 
(1995) 
Pool Composition % composition of pools Shepard (1983), Pratt (1984), 
Young et al. (1995) 
Available Pool Habitat: 
Pool Surface Area (SA)(m2) 
Pool Volume (m3) 
 
= (Channel Unit Length (m)) 
*(Channel Unit Width) 
= SA*(Channel Unit Depth) 
Bisson et al. (2006) 
Frequency of Large Woody 
Debris 
= (LWDP+LWDS) 
Channel Unit Length 
Archer et al. (2012) 
Wood Complexity Rating 1-5 Young et al. (1995) 
Stream Shade % Stream shade See Young et al. (1995) 
Percentage of Large Substrate 
(cobble and boulders) 
% composition of each type of 
large substrate 
(cobble/boulder) 
Wilson et al. (1987), Peters 
(1988) 
Width to Depth Ratio <10; 18 (CNF PIBO) Archer et al. (2012) 
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Analytical Approach 
Fish Distribution 
Results from the extent of fish survey results were overlaid on GIS stream layers 
to visually assess species distribution and to calculate individual and total longitudinal 
channel length in fish bearing streams. These results were used to distinguish channel 
units occupied by IWCT populations from those occupied by WCT/EBT populations.   
Road Crossing Analysis 
Mapped road crossings on fish bearing streams were classified as having partial or 
complete blockages to upstream fish movement during the flow conditions that occurred 
during field visits based on criteria in WDFW’s 2009 Fish Passage Barrier and Surface 
Water Diversion Screening and Prioritization Manual (See Table 2-4 and Chapter 10 
WDFW 2009). This classification process takes the physical dimensions of the structure 
along with the existing habitat conditions upstream and downstream, and rates each 
structure in terms of priority for removal, expressed as a fish passage priority index 
(FPPI) value (Table 2-4). Suitable fish habitat upstream of barriers was quantified to 
prioritize their potential removal or replacement values based on their corresponding 
FPPI rating. Suitable upstream fish habitat was estimated by averaging the wetted stream 
width and multiplying by the length of stream present upstream of the road crossing.  
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Table 2-4.  Criteria used to assess passability of each road crossing structure in the study 
area. If stream channels were absent of water during field assessment they received a 
passability rating of 0 due to the depth parameter in level B of the assessment process. 
Revised from Table 3.3 from WDFW 2009 Fish Passage Barrier and Surface Water 
Diversion Screening and Prioritization Manual used to populate fish passage priority 
index equation (FPPI). 
Parameter                    Value   Range Passability 
(%) 
Water Surface 
Drop 
≥ 0.24 meters ≥0.24m & <0.5m 67 
≥0.5m & <1.0m 33 
≥1.0m 0 
Slope (Culverts ≤ 
18.3m length) 
 ≥1.0% & <2.0% 67 
≥ 1.0% ≥2.0% & <4.0% 33 
 
≥4.0% 0 
Slope (Culverts ≥ 
18.3m length) ≥ 1.0% 
≥1.0% & <2.0% 
 
≥2.0% 
 
Velocity (Level B 
Result) 
Exceeds WAC 220-110-070 
velocity criterion for 15cm (6inch) 
trout 
<0.61 mps over 
criterion for 15 cm 
trout 
67 
Culvert Length (m) Velocity 
(mps) 
≥0.61 mps criterion 
for 15 cm trout 
33 
<30.5 ≥1.22 
30.5-61.0 <0.91 
>61.0 ≤0.61 
Depth (Level B 
Result) 
        <0.30 meters 
≥0.15m &<0.3m 67 
≥0.05m &<0.15m 33 
<0.05 0 
Tide-gate or 
Floodgate Gate Style 
Flap gate 0 
Self-regulating 33 
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Stream Habitat Assessment 
Habitat surveys in fish bearing streams were completed to characterize the current 
conditions of the affected environment based on specific habitat quality indicators 
important to native salmonid persistence across life stages. Indicators included: 1) 
average percent composition of fines substrate, 2) composition of pools and amount of 
available pool habitat, 3) large woody debris frequency, 4) wood complexity rating, 5) 
stream shade (canopy cover), 6) percent of large substrate (cobble and boulders), and 7) 
width to depth ratios (Table 2-3). Pool composition was calculated as the number of pools 
observed throughout the project area divided by the total units sampled. Pool surface area 
and volume were measured using methods modified from Bisson et al. 2006. Pool surface 
area was calculated by multiplying length and width measurements of each pool channel 
unit sampled. Pool volume was calculated by multiplying pool area by the maximum pool 
thalweg depth measurement. Substrate composition was measured for each channel unit 
sampled (i.e. fine sediment, gravel, cobble, and boulder substrate). Large woody debris 
frequency was calculated by adding counts of LWDP and LWDS (see Table 2-1) and 
dividing it by channel unit length. Wood complexity ratings were determined for each 
unit in the field. Stream shade was measured in the field using a forester grade 
densiometer. Width to depth ratios were calculated by dividing the channel unit width by 
channel unit depth. Habitat quality indicators were analyzed based on species 
compositions according to extent of fish and fish distribution mapping surveys; channel 
units containing IWCT were compared to channel units containing WCT/EBT.  
 38 
Habitat Quality Indicators 
A Shapiro-Wilk test of normality was used to determine if data distributions 
adhered to assumptions of normality. Appropriate transformations were applied as 
determined by a BoxCox power transformation method to attempt to meet parametric 
assumptions. Equal variance was visually assessed using boxplots for each grouping of 
data (IWCT and WCT/EBT). All data analyses were performed using R statistical 
software (R version 3.2.2, CRAN Team) and include multiple statistical packages 
(Wickam 2009, Wickam and Francois 2015, Wickam 2016). A Wilcoxon Rank Sum test 
with continuity corrections was used to test the null hypothesis that the median difference 
between pairs of observations (IWCT and WCT/EBT) was zero. A Wilcoxon Rank Sum 
test (the non-parametric test equivalent of a t-test; also referred to as a Mann-Whitney U 
test), was used when assumptions of normality and equal sample size were not met. For 
habitat quality predictors measured using a rating scheme (i.e. Wood complexity rating, 
see Table 2-2), a Pearson’s Chi-square contingency test was used due to the categorical 
nature of those variables. Collectively, these comparisons provided an indication of 
current physical fish habitat conditions in the project area and of differences in habitat 
required for each population occurrence. An alpha of 0.05 was used in this study and is 
commonly used in hypothesis testing in similar studies (Bozek and Hubert 1992, 
Novinger and Rahel 2003, Penaluna et al. 2015). However, it is important to keep in 
mind the errors that are associated with hypothesis testing, namely, type I error which is 
defined as falsely rejecting a null hypothesis that is actually true. (Gotelli and Ellison 
2013). To control for type I error a low alpha value is generally used to reduce the chance 
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of falsely rejecting a null hypothesis. Type II error is when a false null hypothesis is 
incorrectly accepted. However, controlling for type I error inherently increases the risk 
for type II error to occur. For this study, an alpha of 0.5 will be sufficient to minimize the 
chance of committing both type I and II error.  
An important note to keep in mind when interpreting the following results is the 
timing of each of the surveys described in the analytical methods sections. Extent of fish 
surveys were conducted in early June and July. Road crossing assessments were finished 
by the end of July. Habitat characterization surveys were conducted last, beginning in 
August and wrapping up shortly after October 1. Most important to the analysis presented 
here is the time difference between the extent of fish and stream habitat characterization 
surveys, because a substantial amount of habitat characterized to support fish in June and 
July no longer contained water when reexamined in August, September or October. 
However, if channel units that were dry landed in the subsample of habitat to be 
measured the unit was measured, but channel unit width and depth were recorded as “0” 
because the channel was absent of water. Units recorded as dry were not included in the 
habitat quality indicators analysis nor the logistic regression analysis presented in 
Chapter 3.  
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Results 
Current Fish Distribution 
Over 56 km of the Middle and South Forks of the Mill Creek were surveyed to 
determine the extent of occupancy by fish within the project area (Figure 2-3). 
Approximately 30 fish bearing stream segments were identified as part of this effort, 
including named and unnamed tributaries in the Middle and South Forks of the Mill 
Creek (Figure 2-3 and Table 2-5). Fish bearing designation was applied to approximately 
41 km (73.2%) of the total stream kilometers surveyed (Table 2-5). Extent of fish 
surveys indicated that fish bearing streams were inhabited predominantly by WCT and 
EBT, both exhibiting resident life histories. Non-native EBT were distributed throughout 
the study area, except upstream from four fish blocking culverts (see Table 2-6). 
Abundance was relatively low for both species, 110 WCT and 66 EBT were encountered 
in the study area, respectively and spatially marked with GPS.  
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Figure 2-3. Results of extent of fish, fish distribution, and road crossing surveys within the MSFMC project 
area conducted during the summer of 2015. Blue arrows indicated the locations of four impassable 
structures preceding allopatric WCT populations (IWCT). Road Crossing Priority index rating refers to the 
FPPI value calculated as part of the WDFW 2009 fish screen and structure assessment. Values are unitless 
and used to rank location and identify sites with the greatest impact on available fish habitat (BE=Bestrom 
Creek, BC=Bible Creek, TC= TC Creek, JC=Jacobsen Creek, SF4=South Fork Mill Creek Tributary #4, 
HA=Hanson Creek, RB=Robbins Creek, SM=Smith Creek, KG=Kegel Creek, CA=Camp Creek, and 
GM=Green Mountain Creek).  
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Table 2-5. Length of fish bearing designation applied to each stream surveyed in the MSFMC project area 
(SF=South Fork and MF= Middle Fork).  
Stream Name Watershed 
Length of Fish bearing Designation 
(km) 
Bestrom Creek SF 6.00 
Bestrom Creek Tributary #2 SF 0.02 
Bible Creek SF 0.18 
Camp Creek SF 1.26 
Green Mountain Creek SF 
3.70 
Green Mountain Creek Tributary #3 SF 0.29 
Green Mountain Tributary #5 SF 0.27 
Hanson Creek SF 3.86 
Hanson Creek Tributary #2 SF 0.56 
Hanson Creek Tributary #3 SF 0.01 
Hanson Creek Tributary #4 SF 0.48 
Jacobsen Creek MF 2.09 
Kegel Creek SF 3.38 
Middle Fork Mill Creek MF 7.24 
Robbins Creek SF 2.25 
Robbins Creek Tributary #2 SF 0.02 
Smith Creek MF 0.98 
South Fork Mill Creek SF 4.62 
South Fork Mill Creek Tributary #10 SF 0.45 
South Fork Mill Creek Tributary #10A SF 0.24 
South Fork Mill Creek Tributary #14 SF 0.21 
South Fork Mill Creek Tributary #2 SF 1.05 
South Fork Mill Creek Tributary #3 SF 0.16 
South Fork Mill Creek Tributary #4 SF 0.40 
South Fork Mill Creek Tributary #5 SF 0.53 
South Fork Mill Creek Tributary #9 SF 0.02 
TC Creek SF 0.80 
TC Creek Tributary #2 SF 
0.02 
TC Creek Tributary #3 SF 0.02 
Total 
 
41.11 
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Table 2-6. Summary table of stream priority index rating specific to each stream and 
various habitat characteristics associated with each road crossing and habitat existing 
upstream of each crossing (CMP=corrugated metal pipe, Struct. = Structure, Wid. = 
width, IWCT? = Isolated WCT existing above structure).  
Cross 
ID 
Stream 
Name 
Struct. 
Type 
Wid. 
(m) 
Struct. 
Length 
(m) 
Water 
Depth 
(m) 
Slope 
(%) 
Hydra
ulic 
Drop 
(m) 
(%) 
Passa
ble 
Habitat 
Existing    
Above (m2) IWCT? 
BE1-
RC1 
Bestrom 
Creek 
Double 
CMP 
0.60 11.6 0.05 8.00 0.58 0 409 Yes 
BE1-
RC2 
Bestrom 
Creek 
CMP 0.90 7.00 0.00 2.00 0.25 33 3,631 No 
BE1-
RC3 
Bestrom 
Creek 
CMP 0.80 6.70 0.10 3.00 0.00 33 7,531 No 
BE1-
RC4 
Bestrom 
Creek 
CMP 1.30 9.70 0.06 4.00 0.10 0 9,656 No 
CA1 
RC1 
Camp 
Creek 
CMP 0.80 10.10 0.15 9.00 0.20 0 356 No 
GM1-
RC1 
Green 
Mountai
n Creek 
CMP 0.83 9.30 0.00 3.50 0.10 33 8 No 
GM1-
RC2 
Green 
Mountai
n Creek 
CMP 0.85 8.60 0.00 7.50 0.65 0 82 No 
HA1-
RC1 
Hanson 
Creek 
CMP 1.40 10.00 0.05 5.00 0.00 0 3,554 No 
HA4-
RC1 
Tributar
y to 
Hanson 
Creek 
CMP 2.00 7.60 0.00 3.50 0.61 33 539 Yes 
JC1-
RC1 
Jacobso
n Creek 
CMP 0.92 5.70 0.16 5.00 0.00 0 2,497 No 
KG1-
RC1 
Kegel 
Creek 
CMP 0.62 6.30 0.01 7.50 0.25 0 0.00 Yes 
KG1-
RC2 
Kegel 
Creek 
CMP 1.10 9.20 0.05 4.50 0.20 0 4,880 No 
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Table 2-6. Continued        
MF1-
RC1 
Middle 
Fork Mill 
Creek 
CMP 1.75 9.80 0.15 7 0.00 0 17,848 No 
MF1-
RC2 
Middle 
Fork Mill 
Creek 
Bridg
e 
0.43 8.50 0.10 NA 0.00 100 NA NA 
MF1-
RC3 
Middle 
Fork Mill 
Creek 
CMP 0.83 9.50 0.08 5.00 0.15 0 1,360 No 
MF1-
RC4 
Middle 
Fork Mill 
Creek 
CMP 0.60 9.40 0.01 2.00 0.01 33 8 No 
MF1-
RC5 
Middle 
Fork Mill 
Creek 
Doub
le 
CMP 
1.21 10.70 0.05 6.00 0.115 0 27,226 No 
RB1-
RC1 
Robins 
Creek 
CMP 1.00 13.30 0.02 8.00 0.37 0 407 Yes 
RB1-
RC2 
Robins 
Creek 
CMP 1.06 11.60 0.01 9.00 0.45 0 969 No 
SF1-
RC1 
South 
Fork Mill 
Creek 
CMP 1.30 10.90 0.01 5.00 0.45 0 3,918 No 
SF1-
RC2 
South 
Fork Mill 
Creek 
CMP 1.25 13.60 0.01 4.00 0.35 0 1,065 No 
SF1-
RC3 
South 
Fork Mill 
Creek 
CMP 2.70 14.00 0.10 2.00 0.00 33 18,701 No 
SF2-
RC1 
Tributary 
to South 
Fork Mill 
Creek 
CMP 0.56 6.50 0.00 5.00 0.10 0.00 8 No 
SF3-
RC1 
Tributary 
to South 
Fork Mill 
Creek 
CMP 0.50 8.50 0.00 3.00 0.00 0.00 0 No 
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Table 2-6 Continued        
SF4-
RC1 
Tributary 
to South 
Fork Mill 
Creek 
CMP 0.40 6.20 0.00 11.0
0 
0.00 0 0 No 
SF5 
RC1 
Tributary 
to South 
Fork Mill 
Creek 
CMP 0.60 11.50 0.01 6.00 0.00 0 2 No 
 
Road Crossings Assessment 
A total of 26 road crossings were identified as impediments to upstream fish 
migration.  Of these, 17 (65.4%) were prioritized for replacement. These 17 included 
some roads that were prioritized for removal associated with road de-commissioning 
based on available upstream habitat and percent passability (Table 2-6). The remaining 
nine road crossings were identified as low priority for replacement.  One of these was a 
bridge on the Middle Fork that posed no passage barrier while the remaining crossings 
were low priority because of minimal habitat gains (wetted channel area) upstream of the 
culverts. Finally, four culverts that were known barriers to upstream fish migration are 
currently being retained because they have effectively precluded upstream invasion of 
EBT into areas occupied by isolated WCT populations (Table 2-6). 
Fourteen fish-blocking culverts identified as the highest priority for replacement 
were identified on the following creeks: Bestrom Creek (3), Green Mountain Creek (1), 
Hanson Creek (1), Jacobson Creek (1), Kegel Creek (1), Middle Fork of Mill Creek (3), 
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Robins Creek (1), and the South Fork of Mill Creek (3). Expected increase in the amount 
of fish habitat was the primary factor used to prioritize these culvert replacements; values 
ranged from < 10 m2 to nearly 30,000 m2 of instream habitat gains (Table 2-6). As 
expected, the largest habitat gains were on the largest streams (i.e., Middle and South 
Forks of Mill Creek), while smaller amounts of habitat were gained from reconnection in 
smaller streams (e.g., Camp Creek, Hanson Creek). 
Stream Habitat Assessment 
A total of 2,112 channel units were sampled in the project area, of which 369 
(17.5%) were dry and were removed from analysis. Of the 1,743 channel units containing 
water, 367 (21%) supported populations of IWCT located upstream from migration 
barriers (Figure 2-4). Interestingly, of the total channel units containing IWCT (n=563) 
36% were absent of water (n=196), due to the difference in timing of the extent of fish 
surveys and stream habitat assessments which occurred about a month and a half apart. In 
total, 3.1 km of stream supported IWCT and 37.8 km of stream supported WCT/EBT. 
Prior to statistical comparisons, habitat data were determined to violate normality 
assumptions, despite Box-Cox transformations (Shapiro Wilk test, p <0.05). Visual 
comparisons of variance appeared consistent across groups (Figure 2-5). Therefore, the 
original untransformed data were used in the following analyses.  
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Figure 2-4. Summary of channel units containing IWCT population above migration barriers and channels 
units containing populations of WCT/EBT.  
 
Figure 2-5. Comparison of physical habitat measures variability for both WCT/EBT (white) and IWCT 
(grey) to assess assumption of equal variance. Based on this plot the data are assumed to exhibit equal 
variance across the two groups. (See Table 2-1 for abbreviation definitions).  
 
 48 
Stream Habitat Quality Indicators  
 Of the 11 habitat quality indicators that were analyzed based on population 
occurrence (Table 2-3), 7 were found to differ significantly (Table 2-7), leading to the 
rejection of the null hypothesis (see pg. 24) that the median difference between 
comparison groups was zero. Further differences are discussed in the subsequent results 
sections. 
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Table 2-7. Summary statistics of habitat indicators along with the results of Wilcoxon rank-sum statistical 
test for non-parametric data. Results are discussed in the subsequent sections in more detail. An alpha of 
0.05 was used to determine statistical significance (W=Wilcoxon statistic value and 2=Chi-squared test 
statistic).  
 
Range Median 
Hypothesis Test 
Results 
Habitat 
Indicators WCT/EBT IWCT WCT/EBT IWCT 
Test 
Statistic 
p 
Fines (%) 0-100 0-100 25.00 40.00 202,410 (W) <0.001 
Fines in Riffle 
(%) 0-100 0-100 10.00 25.00 
20,551 
(W) 
<0.001 
Fines in Pools 
(%) 0-100 0-100 40.00 55.00 
52,894 
(W) 
<0.001 
Pool SA (m2) 0.25-163.5 0.25-15.3 5.25 2.55 
94,130 
(W) 
<0.001 
Pool Volume 
(m3) 
0-121.5 0-7.65 1.29 0.40 
98,133 
(W) 
<0.001 
LWD 
Frequency 
(LWDP+LWDS
/m) 
0-16.67 0-2.67 0.00 0.00 
242,990 
(W) 
0.114 
Wood 
Complexity 
Rating (see  
1-5 1-5 2.00 2.00 
11.59 
(2) 
0.021 
Stream Shade 
(%) 0-100 0-100 82.00 82.00 
234,430 
(W) 
0.032 
Cobble (%) 0-75 0-50 0.00 0.00 
249,860 
(W) 
0.729 
Boulder (%) 0-80 0-85 0.00 0.00 
224,130 
(W) 
<0.001 
Width (m): 
Depth (m) 
0-62 0-31 7.50 5.00 
211,600 
(W) 
<0.001 
 
Fine Sediment Composition 
 When percent composition of fine sediment was compared based on channel unit 
population occurrence, units containing IWCT had significantly more fine sediments than 
channel units containing WCT/EBT (Wilcoxon rank-sum test, W=202410, p<0.001; 
Table 2-7 and Figure 2-6A). Riffle habitat containing IWCT populations also contained 
significantly more fine sediment than seen in riffles containing WCT/EBT (p<0.05; Table 
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2-7 and Figure 2-6C). A similar significant trend was observed in pool habitat (Wilcoxon 
rank-sum test, W=52894, p=0.000375; Table 2-7 and Figure 2-6B). Percent fine sediment 
composition exhibited greater variance in channel units existing above barriers (Figure 
2-6A).  
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Pool Analysis 
Comparison of pool composition based on population occurrence was similar, at 
approximately 50% (Figure 2-7). However, mean pool surface area and volume were 
significantly lower in channel units containing IWCT populations than for pools 
supporting populations of WCT/EBT (Wilcoxon rank-sum test, p<0.05; Table 2-7; Figure 
2-8A and B).  
 
Figure 2-7. Comparison of pool composition based on occurrence of IWCT populations in the MSFMC 
project area. (IWCT= populations of allopatric WCT existing above 4 blocking culverts, 
WCT/EBT=sympatric populations of WCT and EBT.) 
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Presence of Large Woody Debris 
Throughout the project area, large woody debris  (LWD; described in Table 2-3) 
frequency ranged from 0 pieces per kilometer to 186 pieces per kilometer, with an 
average count of LWD  of < 1 piece per channel unit and a maximum of 5 pieces of 
LWD per channel unit (Figure 2-9A). Similarly, LWD frequency was limited in channel 
units supporting IWCT and WCT/EBT, and was not significantly different between the 
two classifications (Table 2-7 and Figure 2-9A).  
 
Wood Complexity 
 Wood complexity ratings were nearly identical across channel units with an 
average rating of two. However, significant differences were noted in wood complexity 
ratings based on population occurrence in the project area (Chi-squared test, 2=11.559, 
p=0.02095; Table 2-7 and Figure 2-9B).  
 
Stream Shade 
 Stream shade was consistently high across the project area, averaging 75%. 
However, stream shade was significantly higher in channel units supporting IWCT 
populations than channel units supporting WCT/EBT (Wilcoxon rank-sum test, 
W=234430, p=0.03233; Table 2-7 and Figure 2-9C). 
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Large Sediment Composition  
 Large cobble and boulder substrate throughout the project area averaged between 
3.9% and 6.7% composition across all channel units, respectively. Large substrate 
composition was not significantly different between stream units IWCT and WCT/EBT 
distinctions (Wilcoxon rank-sum test, W=249860, p=0.7292; Table 2-7; Figure 2-10A and 
B). 
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Width to Depth Ratio 
 Width to depth ratios in the MSFMC project were on average 15 with a median 
value of seven. Ratios were significantly lower in channel units above migration barriers 
supporting IWCT than in areas supporting both WCT and EBT (Wilcoxon rank-sum test, 
W=211600, p=4.11e-10; Table 2-7 and Figure 2-11).  
 
Figure 2-11. Comparison of channel unit width to depth ratios sediments based on occurrence of IWCT 
populations in the MSFMC project area (IWCT= populations of allopatric WCT existing above 4 blocking 
culverts, WCT/EBT=sympatric populations of WCT and EBT.).  See Figure 2-6 for a detailed explanation 
of boxplot components. 
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Discussion 
In general, the study area provided ample habitat for two species of fish, WCT 
and EBT based on the high percentage of fish bearing designations applied to surveyed 
streams (73%). Across both watersheds (Middle Fork and South Fork; MSFMC project 
area) EBT were more widely distributed and existed solely in sympatry with WCT. The 
only locations where WCT existed without the influence of EBT was above four blocking 
culverts in highly fragmented disconnected headwater stream habitat. In general, stream 
habitat in the Middle and South Forks of Mill Creek had limited large substrate, fine 
sediment was much more prevalent than gravel substrate in some areas, and exhibited 
pool-riffle channel morphology, which is common in the CNF (Archer et al. 2012) and 
across the western US. This research presented an opportunity to examine important 
thermal refuge habitat under severe environmental conditions (i.e. drought) and begins to 
document potential distribution trends with further changes in the warming climate. 
Hybridization of WCT and invasive trout (Rainbow trout Oncorhynchus mykiss, EBT, 
etc.), as well as competitive superiority of invasive non-natives, are both hypothesized to 
be more likely in warmer, low-elevation streams (Muhlfeld et al. 2009). If this hypothesis 
is valid, WCT would be expected to be more common in headwater reaches, which are 
generally associated with colder water, less disturbance, and are typically farther from 
hybridized populations.  
Expectedly, IWCT pool habitat was significantly smaller, in terms of volume and 
surface area, than WCT/EBT pool habitat largely due to the headwater nature of IWCT 
presence.  Additionally, due to the extreme drought conditions during 2015, stream flow 
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was substantially diminished in the study area. This condition caused headwater reaches 
to be highly fragmented and largely disconnected from the rest of the stream channel. 
These conditions would also be expected to have provided warmer water conditions in 
areas unaffected by hyporheic discharge. However, despite this high degree of 
fragmentation, pool composition was around 50% for both IWCT and WCT/EBT, which, 
is generally considered suitable fish habitat (Sullivan et al. 1987).  
Fine sediments were generally higher in headwater reaches supporting IWCT, 
significantly in pools and riffles. This was unexpected, mainly because they exist above 
sediment delivery points in the longitudinal extent of the system. However, it is possible 
that these structures were acting as sediment traps by creating hydraulic pinch points, 
impounding water upstream and thus causing fine sediments to accumulate behind 
improperly sized road crossing structures. The degree to which sediment might be 
trapped depends on the stream gradient directly upstream of the structure, and the flow 
field conditions created upstream from barriers. Sediment transport relies on the amount 
of flow present in the system, greater flow allows for the transport of larger substrates 
such as cobble and boulders, while fine sediment tends to be transported by a wider range 
of  flows (Sullivan et al. 1987). However, Sullivan et al. (1987) noted that sand particles 
(fine sediment) introduced into some salmonid spawning streams were only transported 
during high flows and were otherwise stored on the streambed between high flow events. 
Fine sediment can present numerous problems for spawning and incubating eggs, 
particularly when more than 20% of the stream channel contains fine sediments (Bjornn 
et al. 1977). It is directly related to incubation and hatching success of salmonid eggs and 
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emergence of post-hatch alevins, and the provision of seasonal high flows that often carry 
suitable sediments downstream away from spawning areas (Lisle and Lewis 1992). The 
composition of streambed substrate determines the types and amounts of bed particles 
available for downstream transport, streambed roughness, hyporheic permeability, and 
habitat suitability for aquatic biota (Allan and Castillo 2007). Westslope Cutthroat Trout 
are thought to spawn in small tributaries, as resident fish typically in 1st-3rd order streams 
(see Young et al. 1995). However, high sediment burdens could be due to the presence of 
improperly sized culverts downstream of IWCT. As described in Chapter 1, improperly 
placed or sized culverts can jeopardize both the longitudinal temporal migration of native 
WCT and the overall morphological characteristics upstream of the structure (see pg. 7).  
Overall, channel units directly upstream (<100m) of road crossings had a median fine 
sediment composition of 25 (30.86).  
Overall, I concluded that differences in physical habitat conditions above and 
below blocking culverts were not driving WCT distributions in the study area during 
2015. However, this study was limited due to the lack of collection of biological and 
ecological data, spatial variability and temporal variability, and most importantly small 
IWCT sample size (21%). Had IWCT been observed and examined in streams across 
numerous watersheds, a stronger correlation between physical habitat characteristics may 
have been present. Due to this critical source of limitation it can only be inferred that the 
habitat observed occupied by IWCT represents neither the best nor the worst in terms of 
suitability for IWCT. It may merely be representative of future distributional patterns in a 
species of fish that will be continually tested by a variable suit of abiotic and biotic 
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stressors. Another confounding factor could be that WCT/EBT was too broadly defined. 
Further spatial categorization of population abundances, distributions, and densities 
would likely illicit more pronounced differences in physical stream habitat. Most 
conspicuously absent, were water temperature data, which could mask effects of physical 
habitat suitability.  In other words, suitable physical habitat conditions could exist in 
areas that are and are not thermally suitable.  Without knowing the temperature 
conditions, it is difficult to accurately assess effects of physical habitat on presence and 
absence of WCT.  Ideally a stratified design including different physical habitat 
conditions within areas that are all thermally suitable would be required to separate the 
confounded effects of temperature and physical habitat suitability on occupancy. 
While this study did not find consistent statistically significant differences in 
physical stream habitat characteristics supporting IWCT and WCT/EBT populations, it 
did exemplify and identify important refuge habitat in areas currently stressed by climate 
change effects. Additionally, the observed distribution of WCT in the study area may 
represent the minimum viable periphery habitat required for WCT under constant 
increased environmental stressors. Numerous studies have discussed  using artificial 
barriers to reduce range expansion of invasive species into important refuge habitat for 
native salmonids (Novinger and Rahel 2003, Peterson et al. 2008, Fausch et al. 2009, 
Muhlfeld et al. 2012). Specific focus should be given to the finding that over two-thirds 
of the channel units containing IWCT during fish distribution mapping in our study did 
not contain water during stream habitat assessments, which is likely the most important 
limiting factor present in the study area. The limited amount of water present during 
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habitat surveys exemplifies the need for focused monitoring aimed at understanding 
seasonal variability of water availability in these important refuge areas. This could 
indicate that during peak summer months, important refuge from interspecific species 
competition is being squeezed by limitations of water availability. Because the limited 
water availability in this study was tied directly to extreme drought conditions during the 
summer of 2015, long term research is needed to understand how refuge habitats will 
change with increased frequency and intensity of drought in the Pacific Northwest, and 
how these changes may affect persistence of IWCT.  
 
Minimum Viable Periphery Habitat 
The idea of minimum viable population size has been studied extensively (see 
Caughley 1994) and is a critical concept in preserving and studying fragmented and 
peripheral populations (i.e., populations existing in the distributional margins of a species 
range). Populations found at the margins of the species range (i.e. geographically isolated 
from central populations) can strongly affect the genetic variability across a geographic 
range within the species as a whole (Taylor et al. 2003). In general, large patches of 
habitat contain greater species diversity than smaller patches of habitat (Angermeier and 
Schlosser 1989). However, it is unclear how much habitat is needed to support peripheral 
populations, (Taylor et al. 2003, Haak et al. 2010, Isaak et al. 2012a, Roberts et al. 2013) 
or edge populations (Aikens and Roach 2014). Peripheral populations are often 
genetically distinct and divergent from central populations, and often contain much of the 
species genetic and ecological diversity (Taylor et al. 2003, Williams et al. 2009). This 
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highlights the need for these isolated populations to be prioritized in conservation and 
restoration efforts.  
Inland cutthroat trout present an ideal opportunity to better understand and 
evaluate the distribution of peripheral and central populations because of the wide range 
of habitat they occupy (Haak et al. 2010). Our study provides an example of inland 
cutthroat existing at the margins of their geographic and habitat suitability during a year 
of extreme environmental conditions characterized by low water volumes (stream 
discharges) and high temperatures. As aquatic species continue to be affected by 
diminishing patches of thermally suitable habitat, understanding the minimum amount of 
habitat required to support peripheral populations at sustainable levels becomes 
increasingly important. This is especially relevant in areas likely to be most strongly 
affected  by  climate change across the western United States (Williams et al. 2009). 
Often times invasive trout species, such as EBT or rainbow trout, benefit from 
increasingly variable climate patterns (Rieman et al. 2006). Additional studies across 
thermally sensitive salmonids (e.g. inland cutthroat trout and bull trout; Salvelinus 
confluentus) have shown that increasing temperatures limit native species to isolated 
headwater reaches (e.g. Dunham et al. 2002, Novinger and Rahel 2003, Shepard 2004, 
Rieman et al. 2006), which are generally impacted most significantly by shifts in climate 
patterns (Isaak et al. 2012b). It is likely that increases in temperature and biotic 
interactions with invasive trout species will further contribute to the decline of WCT 
(Wenger et al. 2011b). Thus, quantifying and identifying the minimum viable periphery 
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habitat type and conditions will only become more pertinent as these trends continue and 
advance in severity.  
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Chapter 3 – Use of a Logistic Regression Model and Physical Habitat Data to Predict 
Isolated Westslope Cutthroat Trout (Oncorhynchus clarki lewisi) Presence Above Four 
Migration Barriers in Headwater Streams in Northeastern Washington During Severe 
Drought Conditions 
 
Introduction 
Trout and salmon are iconic to the western United States, and both have declined 
in abundance since the early 1900s in part due to climatic and human driven forces 
(Quinn 2011). Westslope Cutthroat Trout (Oncorhynchus clarki lewisi; WCT) historically 
occupied headwater streams, large rivers, and mountain lakes with drainages throughout 
the inland west (Bear et al. 2007), and were once the most widely distributed subspecies 
of cutthroat trout throughout the western United States (Shepard et al. 2005). However, 
WCT have been referred to as the “canary in the mine”, meaning they are  “usually the 
first species to go in a disturbed environment” (Behnke 2007). Abundance and 
distribution of many WCT populations are declining for a multitude of reasons, including 
non-native species invasion, habitat loss and degradation, and overexploitation (Shepard 
et al. 2005).   
Habitat loss and degradation are reducing WCT population abundance since these 
fish rely on coldwater pools for thermal refuge during warm summer periods. Coldwater 
pools are formed and impacted by stream morphological characteristics as well as 
watershed and regional land uses and climate change admits effects on hydrology 
(Frissell et al. 1986, Montgomery and Buffington 1997) (see Figure 2-1). At the 
geomorphic unit scale, pool habitat may be disproportionately affected due to the loss of 
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riparian vegetation, warming stream temperatures, reduced precipitation, loss of 
spawning gravel, catchment development and fire regimes (Harig and Fausch 2002, Isaak 
et al. 2015). At the stream scale, persistent adult WCT populations require adequate 
amounts of suitable habitat that provide refuge from high flow events, clean gravels 
(embedded with little to no silt substrate), and thermal refuge from high summer 
temperatures (Harig and Fausch 2002). Many of these high quality habitat features are 
optimized or in some cases enabled solely by intact fluvial processes (e.g., ecological 
flows, flood dynamics, floodplain connectivity, and robust riparian and upland 
communities including beaver).  
Invasive species such as Eastern Brook Trout (Salvelinus fontinalis, EBT) play a 
dynamic role in the persistence of WCT by competing for limited resources, limiting their 
range, and contributing to introgression or introgressive hybridization (Dunham et al. 
2002). Eastern Brook Trout invasions have been shown to cause cutthroat trout to 
disperse to headwater areas and persist in isolated, often fragmented stream habitat 
(Harig and Fausch 2002). Eastern Brook Trout displace native WCT by outcompeting 
them for resources including habitat and food (Dunham et al. 2002). Westslope Cutthroat 
Trout and EBT have slightly different habitat requirements in terms of stream gradients, 
temperature, channel slope, habitat structure, disturbance, and human influences (barriers, 
fish stocking, angling, etc.) (Dunham et al. 2002). Often times, EBT will inhabit higher 
order stream reaches while WCT will occupy lower order headwater streams. Migration 
barriers such as waterfalls or dysfunctional road culverts can limit or prevent upstream 
migration of the populations of fish existing downstream. Moreover, allopatric 
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populations of native trout often exist upstream from migration barriers (natural and 
anthropogenic) (Harig and Fausch 2002, Guy et al. 2008, Muhlfed et al. 2012) indicating 
the need for focused conservation efforts. While passage barriers can protect upstream 
WCT populations from further invasion and hybridization by non-native salmonids from 
downstream areas, they can also restrict these WCT populations to small and fragmented 
areas of habitat (Harig and Fausch 2002).  
Westslope Cutthroat Trout are thermally sensitive organisms that require cold 
stream temperatures for persistence (Roberts et al. 2013), with preferred temperature 
ranges between 9.5 and 18.0oC (Bear et al. 2007). Westslope Cutthroat Trout historically 
occupied headwater streams, large rivers, and mountain lakes in drainages throughout the 
inland American West (Bear et al. 2007) and exhibit fluvial, adfluvial, and resident life 
histories (Young et al. 1995). However, the physical conditions associated with upstream 
boundaries of trout distributions are not clearly understood  (Latterell et al. 2003). This is 
particularly true for future climate scenarios, which are predicted to be warmer and dryer 
that current scenarios, and within WCT known ranges (Isaak et al. 2012b, 2014, 2015).  
Thus, identifying key habitat metrics across watersheds that can identify and 
quantify the ecological refuges required by WCT will help resource managers and 
conservation biologists to better protect and restore vital habitats. This is especially 
important given current and predicted future warming and drying trends, and additive 
effects of catchment development pressures (see Figure 2-1).  
Metrics that are likely to be important predictors of WCT presence are those 
specific to refuge and cover, such as the number of pools, percent composition of 
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substrate, the presence of large woody debris, as well as the overall productivity of the 
system. Furthermore, these physical habitat characteristics are influenced by catchment 
and regional-scale processes, and thus should reflect management and conservation 
strategies and considerations at multiple spatial scales (Frissell et al. 1986).  
This study aims to determine the most informative stream morphological 
characteristics for predicting allopatric WCT presence above migration barriers. Data for 
this study were collected during the extreme drought conditions of 2015, so data may 
represent minimum habitat suitability requirements for WCT during maximum 
temperature and minimum stream flow conditions.  I hypothesized that physical stream 
characteristics that form coldwater pool habitat will be stronger predictors of WCT 
presence than those associated with poor WCT habitat conditions, such as limited large 
wood, low canopy coverage, abundance of fine substrates, and narrow and shallow 
stream channel units. Results of this analysis will help resource managers identify and 
preserve suitable habitat for native WCT populations in headwater stream reaches 
existing above migration barriers.  
Several studies have used physical stream attributes to predict the presence and 
carrying capacity of salmonids across the western United States (Latterell et al. 2003, 
Cramer and Ackerman 2009). These and other studies (Bozek and Hubert 1992, Clarkson 
and Wilson 1995, Montgomery et al. 1999, Harig and Fausch 2002) provide a sound 
basis for this study. These studies were able to consistently use stream habitat metrics, 
similar to those used in this study, to estimate juvenile salmonid rearing capacity or the 
occurrence of trout in disturbed and undisturbed systems. These studies demonstrate the 
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direct relationships between stream channel characteristics and the success of salmon and 
trout species in those streams. The current study investigates the relationship between 
WCT and physical stream characteristic during extreme drought conditions, at WCT 
distribution margins upstream from migration barriers. Studies such as Cramer and 
Ackerman (2009) focused primarily on larger streams and did not specifically address 
habitat located at species distribution margins. Therefore, this study aims to test the 
transferability of these general relationships between physical stream attributes and 
isolated WCT presence above migration barriers by identifying stream characteristics 
associated with population presence or absence (Figure 2-2) in eastern Washington 
streams, one of the areas where important coldwater refuge for this subspecies remains in 
the interior west (Isaak et al. 2015). 
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Methods 
Study Area  
This analysis used the same dataset described in the preceding chapter, collected 
in the Mill Creek drainage northeast of Colville, WA in the Colville National Forest. A 
detailed description of the study area can be found in the Study Area section of Chapter 2 
(see Figure 2-2). Isolated populations of WCT (IWCT) were observed upstream from 
four migration barriers in both the Middle and South Fork Mill Creek watersheds as a 
result of the following fish and habitat surveys: 1) extent of fish, 2) stream habitat 
assessment and quantification, and 3) road crossing assessment. Detailed descriptions of 
each survey type can be found in the Methods section of the previous chapter.  
 
Analytical Approach 
All data analyses were performed using R statistical software (R version 3.2.2, 
CRAN Team) and included both data exploration and analysis methods (Figure 3-1). 
Data from fourteen potential predictor variables and the binary response (IWCT 
presence/absence) were first summarized, including range, mean, standard deviation, and 
variance. Next, graphic displays were created for visual inspection, and statistical tests 
were performed to determine whether the data were normally distributed and exhibited 
equal variance, although neither are required for logistic regression. Predictor variables 
were grouped into the three categories to better identify potential issues of 
multicollinearity: 1) channel unit morphology, 2) substrate coverage, and 3) wood/shelter 
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variables. Because some variables fell into each category, increasing the likelihood of 
multi-collinearity, correlation matrices were used to determine the level of collinearity 
among variables each category. Additionally, a classification tree was used on the 
original data to test for significant interactions among predictor variables, and to assess 
the explanatory importance of these predictors in explaining IWCT presence and absence. 
Interaction terms were added if results from the classification tree analysis indicated that 
greater than 1 branch minimized the associated prediction error below 1 minus the 
standard error associated with each split in the tree. No data transformations were 
performed for the classification tree analysis since normal distribution and equal variance 
are not inherent assumptions.  
 
 
Figure 3-1. Methodology followed for data exploration, analysis methods, and model selection. 
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Following data exploration, a model including all habitat predictors was analyzed 
using logistic regression for binary data to quantify the relationships between species 
composition occurrence (IWCT and WCT/EBT) and measured habitat variables. Logistic 
regression is a special type of regression modeling that analyzes the strength of 
continuously measured factors using a dichotomous response variable instead of a 
continuous random variable (Gotelli and Ellison 2013).  The relationship between the 
species composition occurrence (IWCT and WCT/EBT) and habitat variables is therefore 
not linear but rather a sigmoidal, or logistic curve that originates with a minimum habitat 
value and ends at a maximum habitat asymptote. The occurrence of species composition, 
discrete variable, is then transformed using the logit transformation to convert the 
sigmoidal logistic probability curve function into a straight line.  Even though the logistic 
transformation of the WCT presence leads to a linear relationship between the response 
variable and habitat predictor variables, it is not possible to use least-squares analysis for 
the error terms because the residuals follow a binomial distribution. Therefore, a 
maximum likelihood approach is used for hypothesis testing that includes an estimate of 
the regression coefficients and error variance.  The final logistic regression model then 
maximizes the likelihood of WCT presence with the best available habitat predictor 
parameters.  
To avoid over parameterization and pitfalls associated with overfitting models to 
data, model selection criteria often focus on optimizing the fit (and thus predictive 
capacity) of a minimum to the data, while minimizing the number of factors included 
(Gotelli and Ellison 2013). Thus, to determine the minimally adequate model, a stepwise 
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criteria-based hybrid method was utilized. This method began with the full model and 
removed individual predictor variables until the model Akaike Information Criterion 
(AIC) value stopped decreasing. Following the selection of a minimum adequate model, 
the full model was compared to the minimum adequate model using an Analysis of 
Variance (ANOVA) with a Chi-square test. The Chi-square test was performed to 
determine if the minimum adequate model was significantly different from the full 
model. If the two models were not significantly different statistically, then the minimum 
adequate model was selected to increase the degrees of freedom associated with a lower 
number of predictor variables and easier model interpretation.  
Logistic regression analysis does not require normally distributed or equal 
variance for residuals, but does require that observations are independent and that 
predictor variables are not correlated. The final model was examined using a confusion 
table which attempts to calculate the overall misclassification rate of the model as well as 
its ability to correctly classify species composition occurrence. This is one way to assess 
model fit. Basically, a 20% subsample of the original is used to determine the 
misclassification rate of a model developed from the remaining 80% of the data. This is 
done randomly, and thus each time the table is developed the results will be slightly 
different. I use this here as one way of assessing model fit. An accompanying test statistic 
that aids in the interpretation of the confusion table is the Kappa statistic. The Kappa 
statistic essentially determines if the model is able to predict species composition 
occurrence better than what would be expected from chance alone. The Kappa statistic is 
calculated by subtracting the expected accuracy from the observed accuracy and then 
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dividing the result by 1 – expected accuracy. The higher the Kappa statistic the greater 
the difference between the model accuracy and what would be expected simply from 
chance alone.  
In addition to the confusion table I also use a receiver operating characteristic 
curve (ROC) which is determined as the rate of a true positive classification vs the rate of 
false positive classification (See DeLong et al. 1988). Measuring the area under the curve 
(AUC) is a way to validate the model, an AUC value closer to 1 indicates strong model 
predictive power. I generate ROC curves for both the full and reduced models in order to 
compare predictive capabilities of each model iteration. Should the full model have a 
substantially different AUC value than the reduced model then the full model likely has a 
greater predictive capacity compared to the reduced model. AUC values between 0.9 and 
1 are considered excellent model fit, 0.8-0.9 are considered a good fit and anything <0.8 
is considered a poor model fit (Manel et al. 2001).  
Autocorrelation is common in large datasets, particularly in time series or spatial 
datasets. It is important to note that stream surveys will likely generate spatially auto 
correlated data because of the continuous longitudinal gradient measured. Spatial 
autocorrelation of predictive variables is likely in both the full and reduced models due to 
the longitudinal connectivity (spatial proximity) of the stream channel. However, I was 
unable to test for this due to the lack of collection of precise location data (latitude and 
longitude) during field surveys. To identify any multi-collinearity among the predictors, a 
Variance of Inflation Factor (VIF) analysis was performed on the full model and on the 
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final model. Multi-collinearity is likely to exist when variables have VIF scores of four or 
greater.  
 
 
Results 
Spatial Variation of Stream Habitat Conditions  
The 26 streams in the study were relatively small given their longitudinal position 
in the study area watersheds and were characterized by high gradient topology and 
confined channels (Figure 2-2). Sampled streams ranged from 0.4 km to 7.2 km (Table 
2-5) in length and were generally dominated by pools and riffles both in reaches 
supporting IWCT and WCT/EBT (Table 3-1and Figure 2-4). 
A total of 2,112 channel units were sampled in the project area, of which 369 
(17.5%) were dry and were removed from analysis due to the difference in timing of the 
extent of fish surveys and stream habitat assessments which occurred about a month and 
a half apart. Of the 1,743 channel units containing water, 367 (21%) supported 
populations of IWCT located upstream from migration barriers. Interestingly, of the total 
channel units containing IWCT (n=563) 35% were absent of water (n=196) when 
completing stream habitat assessments and were not included in this analysis.  
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Table 3-1. Number of channel unit types grouped by species occurrence (IWCT and WCT/EBT). 
Channel Unit Type WCT/EBT IWCT 
Cascade 14 9 
Glide 136 36 
Pool 709 180 
Rapid 27 12 
Riffle 490 129 
 
Of the five channel morphology variables observed (Table 3-2), habitat unit 
length had the largest variance while wetted depth and thalweg depth (see Table 2-1) was 
the least variable. In addition, all of the stream channel substrate observations had high 
variances (Table 3-2). Of the 2,679 total pieces of wood observed, 82% were small.    
 
 
 
 
 
 
 
 
Table 3-2. Summary statistics for channel morphology, percent habitat unit substrate, active channel wood 
observations, and percent canopy cover (n=1,743). See Table 2-1 for a detailed description of each variable.  
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Variable Median Mean SD SE Variance 
Length (m) 3.60 5.19 5.32 0.14 28.28 
Width (m) 1.40 1.59 1.01 0.03 1.02 
Depth (m) 0.20 0.20 0.16 0.00 0.02 
Active 
Channel 
Width (m) 
2.20 2.46 1.22 0.03 1.48 
Thalweg 
Depth (m) 
0.40 0.38 0.14 0.00 0.02 
% Fine 
Substrate 
30.00 38.23 30.57 0.80 934.66 
% Gravel 
Substrate 
50.00 50.25 28.27 0.74 799.31 
% Cobble 
Substrate 
0.00 6.69 11.11 0.29 123.37 
%Boulder 
Substrate 
0.00 3.89 8.93 0.23 79.80 
% Bedrock 
Substrate 
0.00 0.72 7.15 0.19 51.18 
Wood 
Complexity 
Rating 
2.00 2.10 1.07 0.03 1.15 
Large Woody 
Debris 
(small) 
1.00 1.49 1.82 0.05 3.32 
Large Woody 
Debris (large) 
0.00 0.33 0.86 0.02 0.74 
Canopy 
Cover Rating 
14.00 12.98 3.05 0.08 9.28 
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Three pairs of variables in the channel unit morphology group showed positive, 
moderate correlation coefficients between 0.03 and 0.58 (Figure 3-2). Three pairs of 
variables in the substrate coverage group showed moderate collinearity with correlation 
coefficients ranging from -0.81 to 0.36 (Figure 3-3). Variables in the wood/shelter group 
had correlation coefficients ranging from 0.00 to 0.44 (Figure 3-4). None of the variables 
appeared to conform to a normal distribution, nor did they pass a Shapiro-Wilk test of 
normality (p < 0.001). Therefore, only statistical tests that were not subject to 
assumptions of normality for either the predictor or response variables were used in this 
analysis.  
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Figure 3-2. Correlation matrix for channel unit morphology predictor variables (see Table 2-1 for predictor 
abbreviations).  
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Figure 3-3. Correlation matrix for substrate predictor variables (see Table 2-1 for predictor abbreviations). 
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Figure 3-4. Correlation matrix for wood/shelter predictor variables (see Table 2-1 for predictor 
abbreviations).  
 
Effects of Stream Habitat on Isolated WCT Presence 
The classification tree indicated that significant interactions did not exist among 
the predictor variables since additional predictors and tree branches did not increase the 
explanatory power of IWCT presence. Model predictive error was minimized at the first 
split and remained below 1-standard error with the addition of more branches. Therefore, 
no interaction terms were added to the full or reduced models.  
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Channel units supporting IWCT populations were associated with stream habitat 
conditions present during surveys. The full model included all fourteen predictor 
variables and the binary response variable of WCT presence for a sample size of 1,743 
channel units surveyed for WCT as well as physical habitat data (adjusted R2 = 0.178).  
The resulting model equation had significant z-scores for the variables Channel Unit 
Length, Channel Unit Width, Channel Unit Depth, Active Channel Width, and Large 
Wood Debris, and an AIC score of 1,192. However, this model included the two 
variables, Fines and Gravel, with a variance of inflation factor over 40 indicating the full 
model most likely did not meet the assumption of no multi-collinearity. 
The minimum model resulted in eight predictor variables and an AIC score of 
1,185. Of the predictor variables selected, Channel Unit Width, Unit Depth, Active 
Channel Width, Gravel, Boulder and Bedrock Substrate, and Large Wood Debris were all 
significant while Channel Unit Length was not.  However, removing Channel Unit 
Length increased the AIC value, so this variable was left in the minimum model. All 
eight of the variables in the minimum model had VIF scores lower than two. Therefore, 
the final minimum model was as follows: 
 
(IWCT − probability) =
 1.92 –  0.044(Channel Unit Length)–  0.346(Channel Unit Width) −
4.89(Channel Unit Depth)–  0.511(Active Channel Unit Width)–  0.0210(Gravel) +
 0.0230(Boulder)–  0.216(Bedrock) +  0.529(LWDP)   
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The adjusted R2 of the minimum model was 0.174, only 0.3% less than the full 
model, indicating that the minimum model fits as well as the full model. Moreover, the 
null hypothesis that there is not a significant difference between the reduced and full 
model was not rejected, indicating that the minimum adequate model, as a whole, fits the 
data as well as the full model (χ2= 246; df = 5; p-value = 0.7892; α = 0.05).  Since the 
Chi-square tests found no significant difference between the full and minimum adequate 
model, the minimum model was selected to explain WCT presence.  
 
Fish presence explained 
A 20% subsample (n=297) of the original observations was used to check the 
model misclassification rate.  Table 3-3 shows a confusion table for the final minimum 
model which indicated that the minimum model correctly predicted 37.5% of the fish 
presence observations and 96.5% of the fish absence observations. The final model was 
also better in terms of classifying species composition occurrence than what would be 
expected by chance alone (=0.814). The table indicated that the model did not have 
great accuracy for predicting WCT presence and should be interpreted with caution given 
the imbalance of species composition occurrence observations in the dataset. This model 
may, in fact, be useful in identifying limited habitat due to the fragmented nature of 
reaches supporting IWCT.  
 When ROC curves are compared, similar AUC values are determine for the full 
and reduced models, 0.82 and 0.81 respectively (Figure 3-5). These values indicate that 
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model fit is “good” and consistent across the full and reduced model further validating 
the reduced model as the final model.  
Table 3-3. Confusion table, correct classification rate of IWCT presence = 36.5% based 
on a random subsample of 80% of the full data set (n = 1422), with 20% of the original 
data used for prediction validation.  Misclassification rate of 17.5%.   
 Observed 
Predicted 
 WCT/EBT IWCT 
WCT/EBT 914 135 
IWCT 33 81 
 
 
Figure 3-5. A plot of receiver operating characteristic curves (ROC) for the full (grey line) and reduced 
(black curved line) models. The straight black line represents the performance of a uniform random 
variable, the further away the ROC curve is from the uniform random variable. The area under the curve is 
used to assess the model predictive capacity. A value of 1 is considered perfect model fit. The full model 
had an associated AUC value of 0.82 and the reduced was very similar, 0.81 indicating that both models fit 
the data relatively well and do not have significantly different predictive capabilities.  
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Discussion 
The final model included eight of the original fourteen habitat variables, and was 
able to predict IWCT presence correctly 37.5% of the time, and was not significantly 
different from the full model which included all original fourteen habitat variables. If a 
reduced model is significantly different from the full model, then information risks being 
lost by removing potentially predictive factors of the model. The model variables selected 
in the reduced model also suggested the importance of complex cascade habitat for WCT 
presence during drought-limited summer conditions. The reduced probability of WCT 
presence and the relatively low assignment of presence collectively explained by the 
physical habitat variables used in analysis could be due to the constraints applied by 
interactions with EBT, migration barriers, or unusual climate conditions during the study 
year (2015). Inclusion of water temperature data may have increased the predictive power 
of this model due to the strong relationship between water temperature and WCT habitat 
suitability.  
 Channel unit length, width, depth, active channel width (see page 28 and Table 
2-1 for a description of channel unit dimension metrics) as well as gravel and bedrock 
substrates, were all negatively associated with WCT presence. However, boulder 
substrate and large wood were positively associated with WCT presence. These 
relationships suggest that WCT are more likely to occur in small, shallow cascade units 
with high shelter complexity, due the positive association with boulders and woody 
debris. Cascade units often provide pool-like conditions due to the step nature of their 
formation (Montgomery et al. 1999), which may be why cascade units were positively 
 87 
associated with WCT presence in this study. Our results were consistent with previous 
work, which reported positive associations of WCT with complex pool habitat (Griffith 
1970, Pratt 1984, Lider 1985, Montgomery et al. 1999, Milner et al. 2000, Cramer and 
Ackerman 2009). In addition, the formation of suitable pools during low summer flows in 
higher gradient rapid and cascade units likely occurred, and when flow increases, these 
pocket pools become highly turbulent and are no longer habitable for WCT (Montgomery 
and Buffington 1997, Montgomery et al. 1999). This also suggests that during the 
summer months when flow reaches critical low levels, woody debris and large substrate 
can be important in maintaining habitable depths for fish by slowing and deepening flow 
(see Lisle 1986 in (Sullivan et al. 1987) 
Large woody debris and boulders were positively correlated to WCT presence, 
likely because both are important in the formation of pools and cascades (Montgomery et 
al. 1999, Jackson and Sturm 2002). High densities and abundance of WCT have also 
been observed to be associated with pool-dominated streams, suggesting the importance 
of pool formation features on WCT presence (Young et al. 1995). Others have shown that 
streams with a high frequency of large woody debris exhibit shorter spacing between 
individual pools (Montgomery and Buffington 1997) suggesting that fish may not have to 
migrate as far when attempting to reach a different habitat for varying biological 
requirements. Thermally impaired stream reaches can often create migration issues for 
fish, particularly if coldwater is only available in some pool habitats. Increased hyporheic 
exchange can improve thermal heterogeneity in a fluvial system (Caldwell et al. In 
review). Hyporheic exchange becomes most effective at regulating temperature in 
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systems with high substrate depth or large substrate which allows for greater hyporheic 
exchange (Caldwell et al. In review). Therefore cascade step-pool habitat may be more 
important than pool-riffle habitat in this study because cascades step-pools potentially 
offer more shelter, oxygenated conditions, and spawning gravel, due to the higher stream 
velocity, coarse-substrate, large wood material and increased hyporheic exchange 
(Montgomery et al. 1999). It will be important to include water temperature and water 
availability data in future efforts.  
Metrics associated with large and deep habitat areas (e.g. Channel width, channel 
depth, and active channel width) were negatively associated with WCT presence, which 
may have been due to WCT occurring more frequently in small, cascade step pool units 
than in larger and deeper glides and pools existing in higher order stream sections. Large 
habitats may have been disproportionately impacted by drought conditions, with more 
species moving to these remaining, large habitats when other shallower habitats dry up 
during summer low flows. Such movements may increase the density of fish in pools and 
glides, and thus increase competition for valuable oxygen, food, and shelter resources. 
Predator avoidance may also be more difficult, due to the lack of substrate and vegetative 
shelter in more open pool habitat than in smaller cascades units. Cascades therefore may 
offer less dense and thus less competitive conditions for WCT in headwater streams 
during drought years.  
Substrate size is an important habitat metric due to its importance to both adult 
spawning success and the survival of early life stages of salmonids. Fine substrates are 
associated with poor emergence conditions for WCT fry, since eggs are less likely to 
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receive well oxygenated water during incubation (Young et al. 1995). Adult WCT rely on 
gravel substrates in fast-flowing riffle habitat units for spawning success, yet gravel was 
negatively associated with the presence of WCT (Young et al. 1995). This may have been 
due to the data set including the presence of all WCT life stages, which may have 
confounded the importance of substrate classifications smaller than boulders. Boulders 
provide shelter from high stream flow conditions through eddy formation and predator 
refuge due to undercut formation, which can benefit both juvenile and adult WCT fish. 
Cobble substrate is likely too large for resident WCT to utilize for spawning and may not 
be large enough to provide cover opportunities, hence the negative relationship with 
WCT presence.  
Channel unit length is a good predictor of WCT occurrence and abundance (Harig 
and Fausch 2002, Roberts et al. 2013, Isaak et al. 2015). However, channel unit length 
was not found to be a statistically significant predictor of IWCT in our study. 
Nonetheless, channel length was included in the final model selection, primarily because 
removing it as a predictor increased the overall AIC score. This predictor was also 
included because of the important biological concerns and known relationship between 
stream length and WCT presence and increased abundance. This also could be attributed 
to the lack of channel connectivity because of the severe drought conditions and lack of 
water in the entirety of the channel. A full sampling effort may reveal a stronger 
relationship between WCT presence and channel length, as patch size has been shown to 
be an important factor in other research)  (Angermeier and Schlosser 1989, Harig and 
Fausch 2002, Franken and Hik 2004). A similar effort at a larger spatial scale attempted 
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to develop a model for predicting species occurrence using three habitat features; 
elevation, gradient, and wetted width (Bozek and Hubert 1992). They were able to 
consistently, similar to the model developed in this paper, predict the absence of species 
rather than the presence and identify wetted stream width and stream size differences as 
driving the occurrence of species in the longitudinal extent of the stream (Bozek and 
Hubert 1992). Similar to the results of this study, Bozek and Hubert (1992) attribute other 
factors as influencing the distribution of trout rather simply the three variables they 
utilized. They suggest that future work should take advantage of variables that 
incorporate the multiple dimensions of stream habitat as well as the natural variability 
present in each dimension (Bozek and Hubert 1992).  
 
Climate Implications  
The study area was surveyed during a thermally stressful year for WCT when 
substantial sections of channel were observed to be absent of water. This study begins to 
identify relationships between stream channel attributes, WCT, and changing patterns of 
flow and precipitation. As flow decreases, stream temperatures typically rise, which 
further degrades and fragments stream habitat (Wenger et al. 2011b), this in turn shrinks 
suitable habitat and reduces population size and connectivity (Rieman et al. 2007). The 
spatial trend observed in the MSFMC study area allowed for channel characteristics to be 
identified that are important not only for the presence of WCT, but likely for the presence 
of WCT during especially stressful environmental conditions when pushed to the edge of 
their spatial extents. Thus, climate extremes may disproportionally affect peripheral 
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populations, which are thought to be some of the most important populations for 
speciation and harboring of unique and valuable genetic variation (Taylor et al. 2003). A 
continuation of this study, including watershed scale attributes and data from historical 
climate data or data from climate prediction models could provide important insights into 
the relationship of climate processes and physical stream attributes in regards to the 
presence of WCT. As habitat becomes increasingly fragmented from anthropogenic 
encroachment, changes in precipitation patterns, and water temperatures as a result of 
climate change, headwater systems will become increasingly important to the persistence 
of coldwater species like WCT (Isaak et al. 2012a, 2014, 2015) particularly when 
peripheral populations are exposed to multiple stressors.  
 
Study Limitations and Suggestions for Further Research  
This study focused on physical characteristics of habitats, but there are other 
variables that likely influence the presence of WCT. For instance, catchment 
development, stream gradient, invasive species, and water temperature can all influence 
habitat availability and quality for WCT. Since WCT thrive in stream gradients between 
six and fourteen percent (Young et al. 1995), adding stream gradient as a predictor of 
WCT presence may improve model performance. Additionally, catchment development 
in the form of roads and dams can create habitat barriers. These can prevent WCT 
passage to high quality habitat, which could confound a model aiming to predict the 
importance of habitat characteristics on WCT presence. WCT are also known to prefer 
colder temperatures, so they are more likely to be found in locations with cooler waters 
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(Shepard et al. 2005, Williams et al. 2009, Roberts et al. 2013, Isaak et al. 2015). A 
measure of canopy cover was included in this study and canopy cover is inversely related 
to stream temperature (Tait et al. 1994). Because temperature data were not available to 
determine the degree of multi-collinearity between these two variables, canopy cover 
could not be used as a surrogate for temperature. Finally, invasive EBT may also 
influence the presence of WCT since these fish were often found downstream of WCT in 
this study. Interspecific competition between EBT and WCT has been identified as one of 
the main mechanisms of WCT displacement in the western United States (Dunham et al. 
2002). Eastern brook trout began invading WCT habitat in the early 1800’s and are a 
driving factor in their population decline (Dunham et al. 2002). Eastern brook trout are 
not as well adapted to particularly coldwater and may not be able to survive or compete 
with WCT, making headwater habitat particularly important when EBT exist 
downstream. This model could easily be enhanced by including species abundance 
estimates throughout the watershed to gain an understanding of the effect of the EBT 
invasion on native populations of WCT.  
Spatial auto correlation was likely present in the final reduced model due to the 
longitudinal connectivity of channel units within the stream network, often referred to as 
the river continuum concept (Vannote et al. 1980). The river continuum concept refers to 
the gradient of physical habitat variables and associated biological community 
composition and ecological functions present from headwaters to mouth and can provide 
a possible explanation of the likely spatial autocorrelation present in this study. Future 
 93 
work should make an effort to thoroughly document the spatial relationships between 
channel units supporting IWCT and WCT/EBT.  
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Chapter 4 – Conclusions 
As anthropological and climate change influences continue to affect and change 
native species historical distributions and ranges it will become increasingly important to 
develop and implement strategies to predict and monitor changes to the habitats 
supporting native species. In the western United States particular focus has already been 
given to culturally and economically important native species such as salmon and trout, 
and a plethora of literature exists documenting historical species distributions and habitat 
requirements. However, as the additive effects of habitat degradation, climate change, 
and non-native introductions intensify, understanding the ecological conditions and 
minimum amounts of suitable habitat required to support peripheral populations will be 
crucial for conserving and managing WCT populations. Studies have identified habitat 
features both at the macro- and micro-scale that are imperative to the persistence of 
native aquatic species (i.e., Harig and Fausch 2002, Haak et al. 2010), but few have 
attempted to develop a framework for calculating and identifying the minimum viable 
periphery habitat required for marginal native populations, specifically under climate 
change predictions.  
The two analyses described in this thesis attempt to understand the relationship 
between a coldwater specific species and fragmented headwater stream habitat located 
above artificial migration barriers. I took advantage of an observational dataset and tested 
for correlations between physical habitat measures of the stream environment and the 
spatial distribution of native and non-native fish species. Key limitations existed in this 
study that should be acknowledged when drawing conclusions from the results of these 
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two analyses. The major source of limitation was the unequal sample size between IWCT 
(allopatric WCT existing above barriers) and WCT/EBT (sympatric populations of WCT 
and EBT). Results may have been confounded by multiple factors, in addition to unequal 
sample size, including barrier effect, biological factors such as temperature, and abiotic 
factors including water availability. However, despite these key limitation a few 
important points can be taken away from this exercise. They are as follows: WCT are 
likely experiencing shrinking coldwater habitat throughout their current range, the 
observed fragmented habitat may represent the minimum viable periphery habitat for 
valuable broodstock populations, and areas of streams containing steep cascade like 
channel units may present an opportunity to conserve and support populations located at 
distributional margins.  
 
Restoration Implications 
As a result of the Mill Creek A-to-Z projects, four road crossings were identified 
as precluding the upstream movement of EBT and supporting IWCT populations above. 
Careful consideration must be taken when replacing or improving passage through 
improper culverts especially if removal or improvement would facilitate additional non-
native species invasion (i.e. EBT) into previously blocked areas, negatively impacting 
native trout populations located upstream from current barriers (Fausch et al. 2006, 
Peterson et al. 2008, Muhlfeld et al. 2012). Prior to removal or replacement of these four 
blocking culverts with IWCT existing above, managers need to better understand if the 
upstream habitat will support IWCT throughout the year, particularly during extreme 
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environment events such as droughts (i.e. summer 2015). Retention of migration barriers 
in aquatic environments has been shown to provide refuge habitat for native species by 
precluding the upstream invasion of non-natives (Dunham et al. 2002, Fausch et al. 2006, 
Muhlfeld et al. 2012) and should be taken into consideration when proposing road 
crossing replacement or improvement (Muhlfeld et al. 2012) that would allow for further 
colonization by non-natives further compromising the habitat and genetic integrity of 
populations located upstream. Due to the limited availability of water observed in these 
reaches it may be more beneficial to the populations of IWCT to reconnect to the rest of 
the stream network as isolated populations are especially vulnerable to large-scale 
landscape disturbances (Guy et al. 2008). However, in other cases it may be more 
beneficial to retain blocking fish migration barriers to impede upstream invasion of non-
native trout species (EBT) as long as enough suitable habitat exists upstream to sustain 
the persistence of IWCT.  
Williams et al. (2015) identified three primary strategies for conserving and 
protecting important trout habitat: 1) protecting headwater sources of coldwater, 2) 
reconnecting the fragmented stream network, and 3) restoring mainstem reaches such as 
valley bottoms. In that regard, conservation and management efforts aimed at protecting 
headwater sources may benefit from identifying headwater areas dominated by cascade 
and step-pool channel morphology based on initial findings from Chapters 2 and 3.  
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Future Directions 
This study documented an important spatial relationship between two trout 
species in the Pacific Northwest: WCT and EBT. However, this analysis was limited in 
the types of data collected, and therefore warrants further research into this documented 
distribution trend. Future research would benefit from focusing on the interactions 
between WCT and EBT within the study area. One way to examine the degree of 
interspecific interaction among WCT and EBT would be an in-depth genetic analysis 
aimed at quantifying the degree of introgression or hybridization. Genetic techniques 
using environmental DNA have been used to effectively map species distributions as well 
as estimate the overall biomass of particular species in aquatic systems (see following 
section). In addition, long-term monitoring of abiotic habitat conditions (i.e., temperature, 
solar radiation, precipitation, discharge, etc.) would allow researchers and managers to 
better understand how fragmented habitat and its suitability for native and non-native 
species is changing in response to observed and predicted climatic variability. Long-term 
monitoring would also allow researchers to narrow in on the idea of the minimum viable 
periphery habitat required to support isolated headwater populations. Finally, actively 
managing and improving habitat quality and quantity to increase the frequency of cold 
deep water pools could greatly benefit native WCT.  
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Genetic Investigation 
It is well documented and understood that WCT and EBT often occupy much of  
the same aquatic stream habitat (see Bozek and Hubert 1992, Dunham et al. 2002, Taylor 
et al. 2003b, Rieman et al. 2006, Wenger et al. 2011a, Walker et al. 2015, King et al. 
2016) and that WCT are typically displaced by EBT to headwater stream reaches  
(Shepard 2004, Bear et al. 2007, Peterson et al. 2008, Isaak et al. 2014). When WCT and 
EBT occur in the same habitat it is also well understood that they can hybridize or 
introgress (Dunham et al. 2002, Novinger and Rahel 2003, Muhlfeld et al. 2009). 
Understanding the degree of WCT and EBT hybridization occurring in this study area 
would further inform management decisions to remove, retain, or replace artificial 
migration barriers. Investigating the genetic structure of these populations would 
determine whether the populations of IWCT are genetically distinct from sympatric 
WCT/EBT populations existing downstream of these migration barriers. An increasingly 
popular and affordable method for understanding and mapping the extent of bio-
invasions is that of environmental DNA (eDNA) (Blankenship et al. 2011, Dejean et al. 
2011, Thomsen et al. 2012, Yoccoz 2012, Takahara et al. 2013). Environmental DNA 
identifies species-specific DNA present in the aquatic medium and therefore does not 
require directly sampling target organisms, which significantly lowers the impact of 
sampling on the ecosystem and target populations (Takahara et al. 2013). Current fish 
distribution, abundance, and habitat models could be supplemented with eDNA data to 
develop comprehensive population models that could be affordably updated (Isaak et al. 
2015). Annual replication of this study with increased spatial referencing, additional 
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species abundance, genetic, and water temperature data would greatly enhance the 
understanding of the complex aquatic environment and allow for more explicit 
differences to be identified between the two groups of fish populations present in the 
study area.  
 
Quantifying Minimum Viable Periphery Habitat 
Future research could also further our understanding of the minimum viable 
periphery habitat required for isolated populations of trout to persist in the face of 
increasing abiotic and biotic stressors. A similar approach could be taken as described in 
Harig and Fausch (2002),  but modeled across various climate scenarios. In order to begin 
to grasp what minimum amount of habitat is required to support isolated fragmented 
populations it will be important to understand the minimum viable population size for a 
study area such as the MSFMC by examining and estimating population abundance and 
densities. Once that is determined, managers could begin to quantify the minimum 
amount of habitat required to support the minimum viable population. This approach 
would allow conservation and restoration efforts to identify important refuge areas and 
develop strategies to increase or improve those areas as needed to protect and conserve 
important peripheral populations.  
 
In closing, as predicted climate scenarios evolve and slowly alter the lotic 
ecosystems in the Pacific Northwest, stream habitat that provides adequate refuge from 
thermal, invasive species, and flow stressors will become increasingly important to 
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sustaining important peripheral populations of WCT. It is likely, based on the results 
presented in this study, that WCT distributions throughout the western United States are 
not determined by physical stream characteristics but more by seasonal water availability 
and competition with non-native trout species, such as EBT. 
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